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Sir: 

I, JOHN R. McDONALD, declare as follows: 

1 . I am an inventor of and am familiar with the subject matter of the above- 
captioned application. 

2. I received B.Sc. and Ph.D. degrees at Napier College, Edinburgh, completed 
successful postdoctoral appointments in Canada and The United States before leaving 
academia for the biotechnology industry (Boulder CO, and San Diego CA). I have been C73 
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involved in all aspects of the Research and Development process from project planning £/> 
through IND filing. My research has focused upon growth factor signal transduction, 
multiple sclerosis, and the purification and characterization of neurotrophic factors and 
growth factor-mitotoxin fusion proteins. I have received several peer-reviewed awards and 
grants, including a US National Institutes of Health Small Business Innovation Research 
Grant. I am co-author of over fifty publications, and a named inventor on nine patent STYl 
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3. I am a founder of Osprey Pharmaceuticals Limited, Canada. I was Vice- 
President of Research & Development and a Director at the company from its founding in 
1997 to 2002 Since 2005, 1 have held the position of Director of Science and Intellectual 
Property at the company. 

4. As described in previous DECLARATIONS of record in this application, the 
conjugates described in the above-cap tioned application and encoded by the described 
nucleic acid molecules, are broad-based, widely applicable anti-immunoinflammatory drugs 
for inhibiting activation, proliferation and/or migration of immune effector cells. As a result 
of such activity, these conjugates can be used in methods for such inhibition. Activation, 
proliferation, and/or migration of immune effector cells are known to play a role in the 
etiology and/or pathology of a variety of diseases and conditions. Numerous such diseases 
and conditions and the role of immune effector cells in each are described in the application. 
These diseases and conditions, include secondary tissue damage-associated disorders such as 
those that accompany central nervous system trauma and disease, including spinal cord injury 
and head injury, auto immune diseases, including multiple sclerosis, amongst others, and 
other inflammation-driven diseases as divergent as asthma, arthritis, HIV and cancer. 

5. In my capacity as a Director, I directed the experiments described below 
(Section B). These experiments demonstrate the effectiveness of conjugates of chemokine 
receptor-targeting agents for treatment of diseases that are characterized or caused by a 
pathophysiological inflammatory response. These data are in addition to data already of 
record. These data and the data of record further demonstrate that these conjugates provide a 
more selective and targeted delivery than previous ligand-directed delivery conjugates. The 
data indicate that the chemokine-toxin conjugates target cells with specificity and a certain 
degree of predictability. In addition, the data indicates that these agents distinguish between 
activated and quiescent cells and that potential toxic side effects may be a non-issue or at 
most, minimal. 

6. This DECLARATION also provides a discussion of the inflammatory disease 
process and provides citations to numerous articles published before the July 21, 1998, 
priority date of this application (Section A). This discussion is provided to describe and 
establish that the role of immune effector cells in the inflammatory response was well known 
at the time of filing of this application, to establish that treatments targeting immune effector 
cells are known to be effective, and to rebut scientifically unsound or incorrect assertions in 
the Office Action. Attention also is directed to the application, which also includes such 
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disclosure. As described at length in the application and discussed at length in previous 
responses of record, the instant application provides is a new modality for targeting immune 
effector cells. As established during the lengthy prosecution of this application, there is no 
disclosure, teaching or suggestion in the art for the preparation of conjugates that target 
chemokine receptors. Inhibiting and depleting immune effector cells for treatment of diverse 
diseases, however, has been used for at least more than 50 years; the instant application 
provides a new way to achieve this result. Examples of such treatments to demonstrate that 
inhibiting and/or depleting immune cells are effective and are discussed below in SECTION 
C. 

7. Also, provided in this DECLARATION is a summary of recent developments in 
the field that support the operability of the methods in this application and validate the 
approach as it was described in the instant application and its parent applications (SECTION 
C). Any literature published after the priority date of the application is cited in order to 
provide such evidence of operability and validation of the generic approach provided by the 
application. 

Section A. The Inflammatory Response 
1. The immune system 

The immune system can be divided into the innate and adaptive arms that together 
confer a host defense system comprised of different immune effector cells. The innate 
immune system relies on cells immediately reactive toward invading entities, such as 
microbes, and includes phagocytosing macrophages, neutrophils (polymorphonuclear 
neutrophils, PMN) and natural killer T cells (NK). The adaptive immune system includes T 
and B cells, which require activation by antigen presenting cells of the innate immune system 
in order to target specific host invaders. Cells of the innate and adaptive immune responses 
work in concert with tissue residential cells (TRC) in order to maintain a homeostatic balance 
in many organ specific processes including embryogenesis, angiogenesis, lymphocyte 
trafficking, wound healing, tissue repair, removal of cellular debris and other unwanted 
agents such as microbes, viruses or cancer cell clones. Macrophages, monocytes, and 
microglia (collectively referred to as mononuclear phagocytes, MNP), PMN, eosinophils, 
subtypes of the T-lymphocyte family and other immune cells are responsible for these 
homeostatic processes and for the maintenance of an intact surveillance and host defense 
system. 
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The generic inflammatory response is a multi-factorial biochemical process that is 
orchestrated and perpetuated by cells of immune effector cell lineage. Soluble factors 
released from injured and dying cells, immune complexes or complex charged antigens like 
bacterial lipopolysaccharides (LPS) and viral envelope proteins working via the complement 
and toll receptor system are common triggers of leukocyte activation and recruitment. In 
response leukocytes undergo profound phenotypic changes including the upregulation of cell 
adhesion molecules (CAM) and proinflammatory cytokines and chemokines for trafficking 
and communication with other leukocyte groups. 

The recruitment of leukocytes from the blood to specific tissues in homeostatic or 
inflammatory environments is highly regulated and orchestrated by chemokines, a variety 
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Diagram 1. Trafficking of Leukocytes: In response to chemokine gradients leukocytes traffic to selected tissues 
in the body and carry out homeostatic (e.g., immunosurveillance) or become involved in disease pathology. 
Rolling, activation, adherence and extravasation (movement form blood vessels in to tissue) occur in a 
sequential manner. Rolling occurs in response to chemokines and therefore the receptors are expressed. Thus 
delivery of a claimed chemokine-toxin will kill cells prior to pathological activation and thereafter, (see, e.g., 
Tanaka et al{\996) J. Exp. Med. 754:1987- 1997; Carlos et al, (1994) Blood 54:2068-210; Alon et al. (1994) 
The J. Cell Biol 727:1485-1495) 

of CAM, immunoglobulin CAM, and glycosaminoglycans (GAG). The detailed nature of 
specific molecular migratory patterns differs among leukocyte subtypes, the tissue of 
destination and the type of migratory stimuli. In general, leukocytes migrate toward a 
gradient of adherent chemokines along the endothelial cell walls. The gradient is formed by 
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chemokine attachment to GAG (e.g., heparin sulfate) and promotes presentation of the 
ligand(s) to receptors on the traveling leukocytes. The extravasation of cells into the tissues 
occurs in several steps; tethering, rolling, activation, firm adhesion and extravasation 
(Diagram 1 ; Tanaka et a/. (1996) J. Exp. Med 184: 1987-1997; Carlos et al, (1994) Blood 
54:2068-210; Alone* al (1994) TheJ. Cell Biol 727:1485-1495). All steps involve the 
binding of leukocytes to the endothelium by families of CAM expressed on both sets of cells. 
Tethering begins with weak interaction of leukocytes to the endothelium promoted by 
selectins. Migratory cells begin to roll and adhesion to other selectins enhances the tethering 
strength and stabilizes cell rolling. Activation and adherence is mediated by leukocyte 
expression of integrins and immunoglobulin CAM. The integrins bind firmly to their ligands 
on the endothelial cell, selectin is shed by leukocytes and rolling ceases. Chemokines and 
integrin binding activate the cells and leukocytes are ready to traverse the endothelium into 
the tissue. 

The cells also produce and secrete proteases that degrade basement membrane and 

extracellular matrix (ECM) components, thus aiding entry into and migration within the 

tissue. The expression of specific chemokines, receptors and CAM contribute to the selective 

locomotion and tissue specificity of leukocyte subgroups. Once at the site of injury (or 

disease) leukocytes produce an armament of cytotoxic mediators (see, e.g., Benveniste 

(1997) J. Mol Med. 75:165-173; Stout et al. (1997) Frontiers in Bioscience 2:197-206). 

Reactive oxygen and nitrogen species, proteolytic enzymes and eicosanoids kill off invading 

microbes and fungi which are phagocytosed principally by MNP and PMN. Leukocyte 

(especially macrophage) derived growth factors (GF) including vascular endothelial growth 

factor (VEGF) and fibroblast GF (FGF) facilitates angiogenesis. Angiogenesis helps in tissue 

repair but can also contribute to pathological conditions. 

2. Immune effector cells leukocytes underlie or are involved in the 
pathogenesis of a variety of diseases and disorders 

As described in the application immune effector cells are involved in the pathogenesis 
of a variety of diseases and disorders. As described in the application immune effector cells 
refer to all cells involved in innate and adaptive immunity and include leukocytes and 
lymphocytes both which can be broken down again into antigen presenting cells and 
granulocytes (e.g., neutrophils, eosinophils and mast cells). The descriptions and 
classifications of cell types overlap greatly. In any pathology a mixture of these cell types are 
involved. As described in the application, an over-zealous infiltration (migration), (chronic) 
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activation and proliferation (increased numbers) of relatively disease-specific subtypes of 
leukocytes are responsible the inflammatory response that leads to tissue destruction in the 
pathology of a wide range diseases. Numerous diseases and conditions and disorders, such as 
secondary tissue damage including spinal cord injury (SCI), autoimmune diseases including 
multiple sclerosis, inflammatory disease, such as inflammatory bowel diseases and 
inflammatory joint diseases, allergic diseases, inflammatory lung diseases, CNS diseases 
including Alzheimer's Disease, traumatic brain injury, stroke, and other neurodegenerative 
diseases, inflammation after gene therapy, and cancers, and the role of the inflammatory 
response and the chemokine system are described in the application. The application 
describes, as exemplary, the role of leukocytes in each such disease and chemokines and 
receptors therefore in each such disease. 

Table 1, below, lists only some of about 200 diseases in which immune effector cells, 
including, activated leukocytes play a role. This Table was compiled from about 150 review 
articles; with the focus to provide information known at the time of the filing of earliest 
priority application. References that provide such information include art cited throughout 
the specification and made of record in the application. Other references include: Makita et 
al. (1998) Am. 1 Respir. Crit. Care Med. 755:573-579; Kaartinen et al (1995) Arterioscler. 
Thromb. Vase. Biology 75:2047-2054; Kaartinen et al (1996) Circulation 94:2787-2792; 
Barnes et al (1998) J. Clin. Invest. 707:2910-2919; Qin et al. (1997) 1 Clin. Invest 707:746- 
754; Ogata et al. (1997) J. Pathology 752:106-1 14; Ying et al (1997) Eur. J. Immunol 
27:3507-3516; Gauvreau^a/. (1997) Am. J. Respir. Crit. Care Med. 756:1738-1745; 
Ponath et al. (1996) J. Clin. Invest. 97:604-612; Gonazalo et al (1996) J. Clin. Invest. 
95:2332-2345; Desbaillets et al (1997) J. Exp. Med. 756:1201-1212; Youngs etal (1997) 
Int. J. Cancer 77:257-266; Leek et al (1997) Cancer Res. 56:4625-4629; Pantoni et al. 
(1998) Arterioscler. Thromb. Vase. Biology 75:503-513; Sansores etal (1997) Ches. 
772:214-219 ; Pawluczyk et al (1997) J. Am. Soc. Nephrology 8 :1525-1536; Zoja et al 
(1997) J. Am. Soc. Nephrology 5:720-729; Lavaud et al (1996) J. Am. Soc. Nephrology 
7:2604-2615; Rastaldi etal. (1996) J. Am. Soc. Nephrology 7:2419-2427; Wadaef a/. (1996) 
FASEB J. 70:1418-1425; Hvas et al (1997) Scand. J. Immunol 46:195-203 ; Huitinga et al 
(1995) Clin Exp Immunol 100: 344-51; Gerriste et al (1996) Proc Natl Acad Sci 93: 2499- 
504; Chiang et al (1996) J. Clin. Invest. 97:1512-1524; Matsumura et al (1996) J. Clin. 
Invest. 97:2192-2203; Zwacka et al (1997) J. Clin. Invest. 700:279-289; and Teixeira et al 
(1997) J. Clin. Invest. 700:1657-1666). These references describe leukocyte-mediated 
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diseases such as acute lung injury; arthritis; asthma; atherosclerosis; cancers; cerebral 
ischemia; chronic kidney diseases; chronic obstructive pulmonary disease (COPD); 
dermatitis; emphysema, encephalomyelitis; HIV-associated diseases (HAD), 
ischemic/reperfiision injury {e.g., liver and myocardium) and multiple sclerosis. Researchers 
had shown, for example, that, with the use of fairly limited leukocyte-depleting reagents, the 
pathologies of experimental allergic encephalomyelitis (an multiple sclerosis model) and a 
colitis model can be ameliorated (see, e.g., Giulian, D.(1987) J. NeuroscL Res.l8:\55-\1\\ 
Giulian et al. (1993) J. NeuroscL 7J:29-37; Giulian et al (1990) Ann. Neurol 27:33-42; 
Giulian et al (1995) Neurochem, Int. 27:1 19-137; Giulian et al (1989) J. NeuroscL 9:4416- 
429; Giulian et al. (1988) J. NeuroscL 5:4707-4717; Giulian et al (1988) J. NeuroscL 
5:2485-2490; Giulian et al (1988) 1 NeuroscL 5:709-714; Giulian et al (1996) J. NeuroscL 
76:3139-3153; Giuliani al (1995) J. NeuroscL 75:7712-7726; Giuliani al (1994) Dev. 
NeuroscL 76:128-136; Giulian et al (1993) J. NeuroscL Res. 36:681-693, which are of record 
in this application). In each case amelioration of the pathological signs were correlated with 
the decreased numbers of leukocytes (see, e.g. Bauer et al (1995) Glia 15: 437-46; Huitinga 
et al. (1995) Clin Exp Immunol 100: 344-5 1 ; Natsui et al (1997) J Gastroenterol Hepatol. 
12; 801-8). For the diseases, conditions or disorders involving an inflammatory response 
leading to secondary tissue damage, the secondary tissue damaging response increases the 
zone and severity of an initial injury. 

In pathological situations, TRC including glial cells of the CNS, mesangial cells (MC) 
of the kidney, endothelial cells of many organs and leukocytes can be activated by a great 
number of stimuli including viruses, bacteria, parasites, proinflammatory cytokines and 
chemokines, hypoxia, ischemia, proteinuria (protein in the urine), autoantibodies, systemic 
nucleotides, complement, immune complexes, immunoglobulins and environmental 
pollutants such as cigarette smoke. These can be the initiating factor(s) of disease, but TRC 
and inflammatory leukocytes are the soldiers of disease pathology. Activated TRC and 
resident leukocytes express among other things members of the cytokine superfamily and 
several powerful leukocyte chemoattractants of the chemokine superfamily, which facilitate 
leukocyte activation, infiltration and proliferation at the site of inflammation. Many 
investigators and clinicians had shown that there is a correlation between numbers and 
increased activity of leukocytes with the severity of disease and measured pathological 
parameters (e.g., Wadae/a/. (1996) FASEB J. 70:1418-1425; Zoja et al (1997)J. Am. Soc. 
Nephrology 5:720-729; and Chiang et al (1996) J. Clin. Invest. 97:1512-1524). 
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As described in previously and discussed again in Section C, killing (depletion) of 
leukocytes and other immune effector cells or inhibition thereof is an established approach 
for treatment of such diseases. As discussed previously, the role of activated leukocytes in 
disease was known; using the chemokine receptor system for targeting such cells for 
depletion and/or inhibition of proliferation, migration or activation was not known. As 
described in the application and in previous Declarations of record, we have identified the 
chemokine system, via targeting of cells that express receptors therefor, as a target for 
intervention in the inflammatory response. 



Table 1. Immune Effector Cell Types in Diverse Human Diseases 
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IgA Nephropathy 


MNP, T, PMN, MaC, DC, B 


Lupus Nephritis 


MNP, T, PMN, B, DC, MaC 


CNS Diseases and Trauma 




Alzheimer's Disease 


MNP, T, PMN 


Multiple Sclerosis 


MNP, T, Thl, PMN, B 


Traumatic Brain Injury 


MNP, T, PMN 


Spinal Cord Injury 


MNP, T, PMN 


Spongiform Encephalopathies 


MNP, T, B, DC 


Stroke 


MNP, T, PMN, DC, MaC 


Eye Diseases 




Conjunctivitis 


MNP, T, MaC, Eosinophils, B 


Proliferative Vitreoretinopathy 


MNP, PMN, T 


Retinitis and Iritis 


MNP, PMN, B, T 


Uveitis 


MNP, T, PMN, DC 


HIV and AIDS 


MNP, T, MaC, DC 


Inflammatory Bowel Diseases 




Crohn's Disease 


DC, T, MNP, B, MaC, Eosinophils, PMN 


Ulcerative Colitis 


MNP, T, B, DC, Eosinophils, MaC, PMN 


Eosinophilic Gastroenteritis 


Eosinophils, Th2, MaC, B, PMN 


Joint Diseases 




Gout 


MNP, PMN, T, Eosinophils 


Osteoarthritis 


MNP, B, T, PMN, DC 


Osteoporosis 


MNP, T 
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Rheumatoid Arthritis 
Liver Diseases 
Pulmonary Diseases 
Acute Lung Injury 

Acute Respiratory Distress Syndrome 
Asthma 

Chronic Obstructive Pulmonary Disease 

Cystic Fibrosis 

Emphysema 

Eosinophilic Pneumonia 

Pulmonary Fibrosis 

Skin Diseases 

Dermatitis 

Eczema 

Psoriasis 

Systemic Diseases 
Behcet's Disease 
Sarcoidosis 

Scleroderma 
Sepsis 

Sjogren's Syndrome 

Systemic Lupus Erythematosus 

Obesity 

Transplantation 

Graft Versus Host Disease 
Graft/Organ Rejection 
Vascular Diseases 
Giant Cell Arteritis 
Hypertension 
Varicose Veins 
Vasculitides 



MNP, DC, PMN, B, T 

MNP, Thl, K, NK, MaC, B, GC 

PMN, MNP, T, MaC 
PMN, MNP, T, GC, MaC 
Eosinophils, MNP, B, Th2, MaC, NK 
MNP, T, PMN, DC, MaC, Eosinophils 
PMN, MNP, Eosinophils, MaC, T, B 
MNP, PMN, T, MaC, Eosinophils 
Eosinophils, MNP, MNP, T, GC 
PMN, T, Eosinophils, MNP, MaC 

MNP, DC, T, MaC, Eosinophils, B, PMN 

MNP, T, DC, MaC, Basophils 

T, MNP, DC, MaC, Basophils, Eosinophils, 

PMN 

PMN, T, B, MNP, Basophils, MaC 

MNP, PMN, T, Eosinophils, NK, GC 

MNP, T, Eosinophils, MNP, DC, B, Basophils, 

NK 

PMN, MNP, T 

T, B, MNP, DC, MaC, PMN 

PMN, T, MaC, B, MNP, DC, Basophils 

MNP, T, MaC, Adipocytes 

MNP, T, DC, MaC, Eosinophils, PMN, B 
MNP, T, DC, MaC, Eosinophils, NK, B 

GC, MNP, T, DC 

MNP, PMN, T, Basophils 

MaC, MNP, DC, T 

T, PMN, MNP, Eosinophils, GC 



Key: B, B cells; DC, dendritic cells; GC, giant cells (multinucleated fused macrophages); MaC, mast cells; 
MNP, mononuclear phagocytes (monocytes, macrophages and microglia); PMN, polymononuclear neutrophils; 
T, various subtypes of T cells; Th2, type 2 helper T cells. N.B. Many disease categories listed here include 
several distinct diseases. It is important to note that the composition of the microenvironmental milieu of 
inflammatory factors etc has effects on the phenotypes of different cells. For example, PMN are known to 
express CXC receptors but in certain cases like septic acute lung injury and reperfusion injury they express CC 
receptors including CCR2. Under pulmonary diseases above OPL-CCL2-LPM can be used to treat ALI, ARDS, 
COPD and sepsis as all cell types listed express CCR2. 

For selection of a conjugate drug provided in the application, the chemokine receptor 
targeting agent selected depends upon the immune effector cell(s) involved, the tissue in 
question and the stage of injury or disease. But as is evident from above, and as described in 
the application, particular cells and tissues involved in a particular disease with an underlying 
inflammatory pathology were known to those of skill in the art at the time of filing and/or can 
be determined using known methods (see papers cited herein and in the application; see Table 
1). The application describes what cells and chemokines are involved in large number of 
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diseases and also identifies chemokine receptor targeting agents for use to treat such diseases. 
As shown in Table 1 and the cited references, cell types involved in particular diseases that 
result from or involve inflammatory responses were known at the time of filing of the priority 
application. As described in the application, chemokine receptor expression profiles also 
were known. 

Chemokines perpetuate their own production and are released from immune effector 
cells, including leukocytes, via autocrine and paracrine mechanisms. They also induce the 
synthesis and release of cytotoxic compounds from the cells that they target. Resident and 
infiltrating leukocytes release the very same molecules to mediate tissue damage as used for 
homeostatic purposes mentioned above (Benveniste (1997)7. Mol Med. 75:165-173; Stout et 
al (1997) Frontiers in Bioscience 2:197-206). Chemokines induce expression of CAM and 
cell surface antigens (including cytokine and chemokine receptors) on various cell types 
including leukocytes, endothelial, glomerular mesangial cells and CNS glial cells, thus 
upregulating the expression of proinflammatory mediators. Therefore, the vicious cycle 
continues with secondary tissue damage leading to diseased states. This culminates in the 
destruction of (organ) tissue resident cells, a decrease in organ function and eventually organ 
shut down. Chronic kidney disease (CKD) is an example of such a disease. CKD patients are 
routinely treated with immunosuppressive drugs and research has shown that interference 
with principally macrophage activity slows the progression of disease as measured by the 
pathology scoring systems (Slide 1) for the specific disease including proteinuria, 
albuminuria and degree of crescent formation (fibrosis). Figure 1 shows stained slides of 
human lupus nephritis tissue and the secondary tissue damage that inflammation can 
orchestrate. 
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Slide 1 



Renal pathology scoring system in lupus nephritis 

Activity index Chronicity index 

Glomerular abnormalities 

1. Cellular proliferation 1. Glomerular sclerosis 

2. Fibrinoid necrosis, karyorrhexis 2. Fibrous crescents 

3. Cellular crescents 

4. Hyaline thrombi, wire loops 

5. Leucocyte infiltration 

Tubulointerstitial abnormalities 

1. Mononuclear cell infiltration 1. Interstitial fibrosis 

2. Tubular atrophy 

Austin HA, et aL Am J Med 1983, 75: 329-391 



Immune cell infiltration and contribution to fibrosis was appreciated well before 1983. 

Figure 1. Histological findings of (A) glomerular crescents/fibrosis (B) interstitial 
inflammation (mixed groups of immune cells) and (C) immune deposits and (D) PMN 
infiltration and fibrinoid necrosis. Renal biopsy tissue taken from a 40 year old woman in 
June 1998 (Ponticelli C. and Moroni G. Division of Nephrology and Dialysis, Maggiore 
Hospital IRCCS, Milan; http://www.sin-italy.org/j^ 
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The references and discussion herein, as well as the application, establish that prior to 
the filing date of the priority application, it was well established that different dominant 
immune effector cells are pivotal in the pathogenesis of a variety of diseases. For example, 
eosinophils, Th2 (CD4+) cells and mast cells (MaC) in asthma; PMN, macrophages and Thl 
(CD8+) cells in COPD; MNP and PMN in spinal cord and brain injury: PMN and 
macrophages in acute lung injury: MNP and Thl cells in multiple sclerosis; macrophages, 
Thl cells and MaC in several CKD: macrophages and T cells in atherosclerosis and 
granulomatous lung disease; T cells and macrophages in arthritis and several leucocyte types 
in different cancers were known.. 

Hence, as described in the instant application, chemokine-regulated leukocyte actions 
are part of in the immunopathology of diseases in diverse areas of study including: oncology, 
neurology, nephrology, rheumatology, virology, cardiology, pulmonology, gastroenterology, 
hepatology, gynecology, dermatology, endocrinology, mycology and transplantology (see 
Table 1 for examples of diseases that are leukocyte-mediated and the principal leukocyte 
groups involved; see also, the application Tables 1 and 2, the Examples and sections E and G 
of the application). 
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Conclusions 

The activities of leukocytes are most exquisitely regulated by the chemokine family of 
ligands and receptors. Targeting the chemokine system is an elegant way to exploit this 
exquisite regulation to inhibit migration, activation and/or proliferation of such cells to 
thereby alter disease progression. There are several levels of regulation that are targeted. The 
most apparent regulation occurs at the level of the ligands and their receptors; both typically 
are significantly elevated in response to proinflammatory stimuli. The next area of regulation 
derives from the distribution of receptors across different cells (leukocytes). Each cell type 
has a chemokine receptor profile that is akin to a fingerprint or "chemoprint" except that it 
changes with the specific cell type, tissue type, disease type, function type and is time 
dependent. Quiescent cells will quickly change and upregulate receptor expression once 
activated and /or undergoes differentiation. Many chemoprints were known at the time of 
filing of the priority application. 

The identity of a chemoprint also depends on the types and abundance of 
inflammatory and non-inflammatory mediators in the milieu. Most receptors are inducible in 
that they are not expressed unless there are inflammatory stimuli. For example, the inducible 
CCR2 is expressed on macrophages, monocytes, T cells, and basophils and can be targeted 
by MCP-1/CCL2. Leukocyte subtypes that do not express the prerequisite chemokine 
receptor or are not physiologically close to areas of inflammation areas are not activated and 
consequently do not participate in inflammatory processes. The eotaxin/CCLl 1 and CCR3; 
MCP-1/CCL2 and CCR2; SDF-1/CXCL12 and CXCR4; EP-10/CXCL10 and CXCR3 and IL- 
8/CXCL8 and CCL3/CCR1 ligand - receptor axes offer good therapeutic targets because of 
the fidelity of the ligands for their receptors and the fact that they are implicated in several 
specific diseases. 

Therefore, as described in the application, a chemokine receptor targeting agent, and 
hence a conjugate, can be selected based upon the type of immune effector cell(s) present at a 
site of inflammation in a particular disease. For example, as described in the application and 
further demonstrated herein, Eotaxin targets CCR3 expressing eosinophils and Th2 cells in 
allergic asthma and skin diseases. MCP-1 targets macrophages and Thl cells in CKD, 
atherosclerosis, multiple sclerosis and SCI. SDF-1 and MCP-1 target CXCR4 and CCR2 
respectively, on specific tumor cells, leukocytes and activated (proliferating) endothelial 
cells, which are responsible for neovascularization/angiogenesis and tumor nourishment, to 
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eradicate or slow down the progress of the disease. The experimental results provided herein 
(see Section B) and in previous DECLARATIONS evidence this. 

Furthermore, sets of diseases have certain leukocyte profiles e.g., eosinophilic 
diseases and Thl /macrophage diseases. As a result, the LPMs, as described in the 
application, can be used in seemingly diverse diseases. These diverse diseases, share the 
common underlying pathological activation of leukocytes. In addition certain diseases are 
linked to co-morbidities that have the same pathology. Multiple sclerosis patients have a good 
chance of developing uveitis (inflammation of the anterior chamber of the eye). There is an 
old adage for CKD patients stating that they are more likely to die of heart disease than reach 
end stage kidney failure. Macrophages are pivotal in the disease pathologies in both cases. 
Obesity begets diabetes begets CKD (due to hyperglycemia). Indeed 40% of all CKD cases 
are diabetics. Hence these drugs are beneficial by virtue of their activity in targeting chemo- 
kine receptors, which express in different pathologies of the same disease condition. 
Section B: Studies and results 

The conjugates of the instant application, referred to herein as Leukoctye Population 
Modulators (LPMs), are named using current chemokine nomenclature, which identifies 
ligands (L) and receptors (R) by their chemokine sub-division followed by a number. For 
example the ligands monocyte chemoattractant protein (MCP)-l and stromal-derived cell 
factor (SDF-1) are referred to as CCL2 and CXCL12, respectively. Their receptors are 
referred to as CCR2 and CXCR4, respectively. Data demonstrating activity as taught in the 
application for the following four LPMs is discussed in this DECLARATION: 

1. OPL-CCL2-LPM (MCP-l-AM-ShigaHIS ; formerly designated OPL98110 
in Table 6 of the application was used for in vitro data and OPL98102 MCP-1- 
AM-Shiga was used for the in vivo data; 

2. OPL-CCL11-LPM (Eotaxin -AM-ShigaHIS; formerly designated 
OPL981 12 in Table 6 of the application); 

3. OPL-CCL7-LPM (MCP-3-AM-ShigaHIS; formerly designated OPL98109 
in Table 6 of the application or in vitro data and OPL98103 for the in vivo 
data); and 

4. OPL-CXCL12-LPM (SDF-ljS-AM-Shiga; formerly designated OPL98103 
in Table 6 of the application). 

In some cases in the former nomenclature is employed. All were prepared as 
described in the application. 
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1. IN VIVO OPL-CXCL12-LPM STUDIES 
Toxicity Study 

A 2mg/kg bolus of OPL-CXCL12-LPM was given to 5 Female and 5 Male Athymic 
Nude (nu/nu) mice (25 g) which were observed for 14 days. Gross necropsy examination 
revealed no organ damage and both control and test mice gained weight and were healthy. A 
previous experiment revealed no toxicity after examining the histopathology of stained tissue 
from several organs form control and test mice. Organs from this experiment have been 
stored with histopathology examination eminent. A previous toxicity study was reviewed 
elsewhere (McDonald, 2001; P435, Paragraph 2). In a total of 4 Xenograft 30 days plus 
studies with this molecule no animals have died due to test compounds toxicity. 

MCF-7 Breast Cancer Cell Xenograft Model 

A study was performed to evaluate the effects of OPL-CXCL12-LPM compared to 
Vehicle in an established tumor xenograft model. Female nude mice (nu/nu) were injected 
with 2.5 million cells (0.2 ml of PBS/Matrigel) of the estrogen dependent breast carcinoma 
cell line MCF-7. Intraperitoneal dosing began on day 7 and continued every day through day 
21. Tumors were allowed to continue to grow until Day 31. Figure 2 shows a statistically 
significant decrease in the rate of MCF-7 tumor growth as measured by tumor volume with 
100 fig/kg of OPL-CXCL12-LPM. The final tumor weights from test animals decreased by 
an average of 35% and final tumor volumes by 41.5% that of control (significant using p < 
0.05 two tail t-test). 

A clearer picture emerges upon histological examination, which allows visualization 
the extent of intratumoral necrosis and vacuolization (see Figure 4 below, anti-Ki-67 staining, 
Figure 4 and page 435 of McDonald, 2001). Apoptotic staining can be done to judge the 
numbers of dying cells. 
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Figure 2. Effects of Intraperitoneal OPL-CXCL1 2-LPM on MCF-7 Tumor Growth 

Compared with Vehicle. 



1080 - 



980 - 



880 - 



780 - 



680 - 



580 



480 - 



380 - 



280 - 



180 - 



80 



Vehicle 



SDF-1 lOO^ig/kg 




10 



14 



17 



21 



24 



28 



31 



Day of Treatment (from D7- 21) 

The X axis is the measured volume of tumors(mm3). Here SDF-1 refers to OPL-CXCL1 2-LPM. 



Figure 3. Effects of Intraperitoneal OPL-CXCL12-LPM on Inflammatory Infiltrate 
Around MCF-7 Tumors Compared with Vehicle 
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Here SDF-1 refers to OPL-CXCL1 2-LPM. 
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Fieure 4. Histological Staining of Representative Tumors 
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Tumors were excised and exposed (along with peripheral tissue) to histological and 
microscopic examination as shown in Figure 3 and 4. Microscopic evaluation of leukocyte 
infiltrate around the periphery of the tumors showed that there was 36% less cells in the 
tissue of treated animals and was statistically significant (Figure 3). The tissue was processed 
10 days after the last dose given to the mice. This suggests that most TAMs and infiltrating 
(migrating) leukocytes were destroyed by the drug during dosing. 

CD-31 (PECAM-1) is a cell adhesion molecule from a family of closely related cell 
surface glycoproteins involved in cell-cell interactions during growth that are thought to play 
an important role in embryogenesis and development. CD3 1 is a glycoprotein expressed on 
the cell surfaces of monocytes, neutrophils, platelets and a subpopulation of T cells. It is also 
expressed on the surface of adult and embryonic endothelial cells. The CD-31 staining 
suggests that some leukocytes (circular staining) and angiogenesis (endothelial cells - 
elongated shaped staining) are present in the growing control tumors. Conversely there is no 
staining in the treated tumors suggesting the absence of macrophages (athymic mice have no 
T cells) and the absence of intratumoral endothelial cell blood vessels. This is consistent with 
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the mode of action of the compound which eradicates these activated cell types. These data 
support the conclusion that OPL-CXCL12-LPM eradicates intratumoral newly forming blood 
vessels as evidenced by the lack of cross sectioned (round white circles) vessels in treated 
tumors versus control tumors witnessed in a HT29 colon carcinoma xenograft study 
(McDonald, 2001; Figure 4, P 435). 

The Ki-67 antigen is preferentially expressed during all active phase of the cell cycle 
(Gi, S, G2 and M phases), but is absent in resting cells (Go-phase). During interphase, the 
antigen can be exclusively detected within the nucleus, whereas in mitosis most of the protein 
is relocated to the surface of the chromosomes. This antigen is rapidly degraded as the cell 
enters the non-proliferative state, and there appears to be no expression of Ki-67 during DNA 
repair processes. A large number of cells appear to be proliferating in the non-treated tumors 
as shown by Ki-67 staining. In contrast treated tumors show little staining due to decreased 
tumor progression and it appears that many of the cancer cells have necrosed as evidenced by 
the clear vacuoles in the field. 

This is the second MCF-7 breast cancer study showing efficacy and adds to the data 
set of two prior HT29 colon carcinoma cell xenograft studies with OPL-CXCL1 2-LPM. This 
compound has shown efficacy in 4 xenograft studies. Collectively, the data supports the view 
that the drug targets CXCR4 expressing tumor, endothelial and leukocyte cells as predicted 
and is proof of concept of specificity (no observed toxicity upon i.p. delivery) and efficacy in 
vivo. Additionally, there was no evidence of toxicity upon i.p. delivery. 

2. IN VITRO OPL-CXCL1 2-LPM STUDIES 

Tissue culture was performed using cell lines obtained from the ATCC or specific 
human cells enriched by gradient centrifugation from fresh blood obtained from human 
donors. Cell culture conditions were determined from the ATCC insert instructions and 
standard conditions for donated blood. Control and test conditions were carried out in 
quadruplicate and results shown as the Mean +/- SEM. In general cells were left for 24 h 
prior to treatment and the cell viability determined by the MTT color-dye assay or by Trypan 
Blue exclusion. This was the methodology for all compounds tested on such cells. 

The compound routinely shows dose responsive toxicity to MCF-7 carcinoma cells 
used in the in vivo studies. In an earlier Declaration of record, in vitro dose response data on 
human U251 glioma, HT29 colon cancer and THP-1 (monocyte cell line) cells were 
provided. The data presented in Figures 5 and 6, below show OPL-CXCL1 2-LPM dose 
responses on freshly isolated human monocytes and T cells, respectively. The compound did 
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not show any toxicity toward human astrocytes (maximum of 40% cell death) or human 
foreskin fibroblasts until the dose reached 10 ng/ml and above. The compound showed non- 
dose response toxicity to human neurons with a maximum effect of 75 % killing at 10 ng/ml. 

Fieure 5. 



Dose Response of SDF1-AM-Shiga on 
Human Monocytes 
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Figure 6. 

Dose Response of SDF1-AM-Shiga on 

Human T Cells 
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One hundred percent killing is not observed on these freshly isolated cells, which 
could be explained if a saturating dose was not achieved. On the other hand, non-activated 
(non- targeted receptor expressing cells) are likely present and they would not succumb to the 
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drug. I have observed less than 100% killing using freshly isolated human cells on several 
occasions with the CCL2 and CXCL12 LPM variants. When using proliferating cells rather 
than freshly isolated cells, CCL2, CCL7 and CXCL12 have consistently shown 100% killing 
of highly activated proliferating THP-1 monocytes (cell line) at doses of approximately 20 
Hg/ml. Monocytes appear less susceptible to OPL-CXCL12-LPM than T cells, which is 
consistent with their lower expression of the targeted receptor CXCR4. 
3. IN VIVO OPL-CCL2-LPM STUDIES 
Toxicity Study 

A 2mg/kg bolus of OPL-CCL2-LPM was given to 5 Female and 5 Male Athymic 
Nude (nu/nu) mice (25 g) which were observed for 14 days. Gross necropsy revealed no 
organ damage and test mice variations mirrored that of controls. Organs were retrieved and 
stored prior to ongoing histological examination. No animals died during the 31 day study 
due to toxicity of the compound. Activity of drug lots are routinely tested using MCF-7 breast 
carcinoma cells. 

MCF-7 Breast Cancer Cell Xenograft Model 

A study was performed to evaluate the effects of OPL-CCL2-LPM compared to 
vehicle in an established tumor xenograft model. Female nude mice (nu/nu) were injected 
with 2.5 million cells (0.2 ml of PBS/Matrigel) of the estrogen dependent breast carcinoma 
cell line MCF-7. Intraperitoneal dosing began on day 7 and cohorts received either vehicle; 
(1) one dose of 2 mg/Kg on day 7; (2) 2mg/Kg on days 7, 1 1, 15 and 21 or (3)100 ^ig/Kg 
every day from day 7 through day 21 . Tumors were allowed to continue to grow until Day 
32 (Figure 7). The percent change in body between different cohorts including the control did 
not exceed 0.5%. Treatment induced a statistically significant decrease in the MCF-7 tumor 
growth as measured by tumor volume and weight. The final tumor weights from groups 1-3 
decreased by 41, 58.6 and 36% that of control (significant using p < 0.05 two tail t-test). The 
final tumor volumes from groups 1 -3 decreased by 47, 63 and 40.4% that of control 
(significant using p < 0.05 two tail t-test). Organs and tumors have been collected for 
histopathology (data not shown). This study indicates that a single or minimal repeated 
dosing is enough to at significantly decrease the rate of tumor growth. MCP-1 is known to 
target receptors on these cancer cells and infiltrating macrophages (see, e.g., Youngs et al. 
(1997) Int. J. Cancer 77:257-266) and OPL-CCL2-LPM is a conjugate that contains MCP-1. 
In the light of the in vitro data with this compound and the OPL-CXCL12 -LPM histological 
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data indicating macrophage eradication, OPL-CCL2-LPM appears to exhibit similar effects. 
4. IN VITRO OPL-CCL2-LPM STUDIES 

OPL-CCL2-LPM/ MCP- 1 - AM-Shiga dose responsive cytotoxic activity has been 
demonstrated on THP-1 human monocytes and human MCF-7 breast carcinoma cells. A dose 
response of cytotoxicity on THP-1 cells in tissue culture is shown in Figure 8. The compound 
has been shown to kill freshly isolated T cells and monocytes from human healthy donors 
(data not shown) and human U937 monocytes (Figure 8, bottom row) in a dose responsive 
manner. OPL-CCL2-LPM shows no activity on murine P388D1 monocytes which do not 
express the mCCR2 receptor (Boring, 1996) or human U251 glioma (astrocytes) cells. In one 
set of experiments no activity was detected on primary human neurons and human astrocytes 
or in W1095HF and W1093NMA, two human astrocytes cell lines. 

Figure 7. Effects of Intraperitoneal OPL-CCL2-LPM on MCF-7 Tumor 

Growth Compared with Vehicle. 




7 11 14 II 21 24 » 31 



Days 

The X axis is the measured volume of tumors (mm3). 

The above in vitro and in vivo studies confirm the targeting activity of OPL-CCL2- 
LPM on CCR2 receptor-bearing cells. As known in the literature, see above discussion, 
MCF-7, endothelial cells and macrophages all express this receptor. 
5. IN VITRO OPL-CCL11-LPM STUDIES 

The cell isolation and culture conditions were the same as for the CXCL12 variant 
studies. The activity of freshly purified OPL-CCL1 1 -LPM/Eotaxin- AM-Shiga conjugate, 
which targets the CCR3 receptor (see, e.g., Table 1 in the application) was studied. Serial 
dilutions of the product were made and added to human T cells and monocytes (Figures 9 and 
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10). Both these cell types are known to express the targeted CCR3 receptor Significant cell 
killing was achieved at high dilutions and there was a demonstrated dose response. 
6. IN VITRO OPL-CCL7-LPM STUDIES 

THP-1 monocytes were cultured as described above. A small batch of the MCP-3- 
AM-Shiga conjugate was made and 10 /ig/ml was added to wells in quadruplicate (see Figure 
12). The second and third frames of Figure 1 1 show different fields of a representative 
culture well containing THP-1 cell survivors in suspension. As described in the application 
MCP-3 binds to CCR1, 2, 3 and 5, which occur on these cells. The results show that there are 
many necrosing cells, sick cells and cellular debris. At this concentration 100% cell death 
was achieved. 

Figure 8. Activity of OPL-CCL2-LPM on THP-1 and U937 Monocyte Cell Lines. 
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Reading left to right from the top there are duplicates of THP-1 control wells followed by increasing doses of 
compound to a maximum of 22.5 (last 2 wells third row). On the fourth row there are 2 wells of U937 monocyte 
controls and then 2 wells of 22.5 /ig/ml of compound added. Quite clearly OPL-CCL2-LPM has a dramatic 
killing effect on both these cell isolates. 
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Figure 9. 
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Figure 11. Activity of QPL-CCL7-LPM of THP-1 cells 

Activity of MCP-3-AM -Shiga on THP-1 Monocytes 




Control 




7. SUMMARY AND CONCLUSION 

In this DECLARATION daa is provided for conjugates containing SDF-1/3, Eotaxin, 
MCP-3 and MCP-1. In vitro and in vivo data are provided and show that each conjugate 
targets receptors on cells as described in the application. The results show that the LMPs 
prepared and described in the application exhibit toxicity toward targeted cells. The results 
also evidence cell selectivity. The in vivo studies clearly show that there is little, if any, 
toxicity. This is as expected and as described in the application as LPMs are designed to 
target activated chemokine receptor expressing target cells involved in inflammatory 
processes. We have shown that four different LPMs can target leukocytes in accord with the 
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specificities of the chemokine targeting portion and that the LPMs can deplete and/or inhibit 
proliferation of targeted cells. 

C. Evidence that targeting leukocytes is an effective modality 

This section lists the mechanisms of action and other properties of FDA approved 
Immunosuppressive and Cell-Depleting drugs. This evidences that there are numerous 
approved drugs that target leukocytes; reduction in their amounts is a recognized mode of 
treatment of numerous diseases. 

1 . Immunosuppressives 

Immunosuppressive drugs for the treatment of leukocyte-mediated inflammatory 
diseases which have been around for at least 30 years and longer . Some drugs have 
superseded these immunosuppressives, but in serious cases or where there are no alternatives 
they are still used. A problem with these drugs is that they are too pleitropic, can have serious 
side effects and are non-selective. This led researchers in the quest for more selective 
therapeutics. Some examples of immunosuppressives, their mechanism of action and side 
effects are given below. 

a. Corticosteroids 

• Action: Wide range of immunosuppressive effects including, lymphocytopenia, 
monocytopenia (including eosinophils), reduction in monocytic proteases, and 
blockage of chemotactic factors. 

• Indications: Transplant Rejection, CNS trauma, Pulmonary, Kidney and 
Dermatological Diseases, Acute MS. 

• Side Effects: Cushing's syndrome Hypothyroidism, Hypertension, Lymphocytopenia, 
Gastrointestinal ulcers, Infections, Dermatological diseases, Cataracts, Osteoporosis. 

b. Cyclophosphamide and Chlorambucil 

• Action: These alkylating agents cross link DNA and RNA and therefore inhibit 
leukocyte proliferation. 

• Indications: Various Cancers, Rheumatic and Kidney diseases, SLE, Interstitial Lung 
diseases, Vasculitides. 

• Side Effects: Teratogenic, Gonadal, Hematologic, Pulmonary, Kidney and Bladder 
toxicity, Malignancies. 

c. Cyclosporine 
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• Action: Inhibits cytokine production including IL-2 (a T cell activator and mitogen) 
by activated T cells via calcineurin phosphatase inhibition. 

• Indications: Transplant Rejection, Arthritic, Kidney and Dermatological diseases, 
IBD. 

• Side Effects: Hepatotoxic, Neurotoxic, Nephrotoxic, Hypertension, Infection, 
Malignancies, Osteoporosis. 

d. Novantrone 

• Action: A DNA-reactive agent that intercalates into and crosslinks with DNA and 
RNA. It is also a potent inhibitor of topoisomerase II, an enzyme responsible for 
uncoiling and repairing damaged DNA. It has a cytocidal effect on both proliferating 
and nonproliferating cultured human cells, suggesting lack of cell cycle phase 
specificity. It also inhibits B cell, T cell, and macrophage proliferation and impairs 
antigen presentation, as well as the secretion of IFN-7, TNF-a, and IL-2. 

• Indications: Cancers, Secondary Progressive MS. 

• Side Effects: Malignancies, Leukopenia, Myelosuppression, Renal Failure, 
Congestive Heart Failure, Interstitial Pneumonitis, Dermatological reactions. 
2. Cell-Depleting Agents 

Depletion of macrophages with chloroquine, colchicine and diphosphonates in models 
of spinal cord injury and multiple sclerosis showed efficacy and thus proof of that 
macrophages are the culprits of secondary tissue damage and ultimately the presentation of 
disease/trauma (Guilian papers). Unfortunately these agents cannot be used in the clinic for 
these purposes. Other targeting agents are in the clinic or are FDA approved. These cell 
targeting agents, especially lytic antibodies have been used to eliminate mostly cancerous 
leukocytes or cancers themselves. Most have proven to be too pleiotropic and can have 
severe side effects or have shown to be effective for a small percentage of patients. Ligand- 
fusion toxin proteins usually possess cell-targeting antibodies or pleiotropic cytokines (e.g., 
IL-2, IL-3, and IL-4) and have toxicity issues. These compounds are mostly used in the 
cancer field since toxicity is weighed against life extension for the patient. Using these 
particular classes of ligand to target cells has by enlarge been disappointing because of the 
side effects. As demonstrated previously, targeting the chemokine system, as described in the 
instant application, is far less toxic. 
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Cell-depleting agents, which the instantly claimed conjugates are, are known to be 
effective for treatment of diseases with an inflammatory component. Examples of cell- 
depleting agents include: 

a. Campath 

• Action: Alemtuzumab is an anti-CD52 recombinant humanized monoclonal antibody, 
which targets a CD52, which occurs on the surface of many normal and cancerous 
leukocyte subtypes. Cell lysis occurs via complement-dependent cytotoxicity (CDC) 
and antibody-dependent cell mediated cytotoxicity (ADCC). 

• Indications: B-cell Chronic Lymphocytic Leukemia (B-CLL). . . 

• Side Effects: Pancytopenia/Marrow Hypoplasia, Autoimmune Idiopathic 
Thrombocytopenia, Autoimmune Hemolytic Anemia, Severe Infusion Reactions and 
Infections affecting several organs. Fatalities have occurred from these listed effects. 
Although Campath showed efficacy in MS trials, its high toxicity recently caused 
cases of idiopathic thrombocytopenic purpura with one fatality and three other deaths 
from other side effects (Reuters, Sept. 16 l 2005). 

b. Mylotarg 

• Action: Gemtuzumab-ozogamicin is a ligand-toxin fusion protein composed of a 
humanized monoclonal antibody against CD33 fused to a calcheamicin derivative. 
Once endocytosed by target cells the toxin (an enediyne) causes DNA breakage and 
the cells die apoptotically. 

• Indications: Acute Myeloid Leukemia. 

• Side Effects: Anemia, Neutropenia, Thrombocytopenia, Myelosuppression, 
Infections, Bleeding, Hepatotoxicity, Mucositis. 

c. Ontak 

• Action: Denileukin diftitox is a ligand-toxin fusion protein composed of the human 
IL-2 ligand fused to a genetically modified version of diphtheria toxin. IL2 receptor 
bearing cells including T cells take up the protein and are killed by the ADP 
ribosylation of elongation factor 2 which terminates cellular protein synthesis. 

• Indications: Cutaneous T Cell Lymphoma. In clinical trials for GVDH, Psoriasis, 
non-Hodgkin's Lymphoma, Chronic Lymphocytic Leukemia. 

• Side Effects: Hypersensitivity Reactions, Immunogenicity, Vascular Leak Syndrome. 

d. Rituxan 

• Action: Rituximab is a chimeric (mouse/human) anti-CD20 antibody. The Fab 
domain of Rituximab binds to the CD20 antigen on B lymphocytes, and the Fc 
domain recruits immune effector functions to mediate B-cell lysis in vitro. Possible 
mechanisms of cell lysis include CDC and ADCC. 

• Indications: Relapsing, Refractory and Follicular B cell NHL. 
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• Side Effects: Cytopenias similar to Bexxar, Severe Infusion and Hypersensitivity 
reactions (Pulmonary and Cardiovascular effects). Renal toxicity, Infections. Female 
gender, Pulmonary infiltrates, Chronic Lymphocytic Leukemia and Mantle Cell 
Lymphoma were more frequently associated with fatal outcomes than other reported 
side effects. 

e. Zenapax 

• Action: Daclizumab is an immunosuppressive humanized monoclonal antibody 
which specifically binds the CD25 alpha subunit of the human IL-2 receptor. This 
receptor is blocked on human activated T cells and causes there deactivation. The 
antibody inhibits cell cycle progression and induces T cell apoptosis. 

• Indications: Transplant rejection, Cancer. 

• Side Effects: Severe Infections, Death (4 drugs co-treatment), Cardiovascular, 
Gastrointestinal and Hematalogic reactions, Hypersensitivity, Anaphylaxsis. 

f. Zevalin 

• Action: Ibritumomab-tiuxetan-Y 90 is a ligand-toxin fusion protein comprised of a 
murine monoclonal antibody (ibritumomab) bound to a radioactive isotope (yttrium- 
90) by a strong linking agent (tiuxetan). The antibody targets the CD20 antigen on the 
surface of mature B cells and B-cell tumors, (and not CD20-negative progenitor 
cells). The radioactivity kills the cells. 

• Indications: Relapsed or Refractory low-grade, Follicular or Transformed B-cell 
NHL. 

• Side Effects: Severe Cytopenias and Infusion Reactions, Hypersensitivity 
(Cardiovascular and Pulmonary systems can be fatal), Severe Mucocutaneous 
reactions (some fatal), Myeloid Malignancies. 

* * * 
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Abstract. Memory T lymphocytes extravasate at sites 
of inflammation, but the mechanisms employed by 
these cells to initiate contact and tethering with en- 
dothelium are incompletely understood. An important 
part of leukocyte extravasation is the initiation of roll- 
ing adhesions on endothelial selectins; such events 
have been studied in monocytes and neutrophils but 
not lymphocytes. In this study, the potential of T lym- 
phocytes to adhere and roll on endothelial selectins in 
vitro was investigated. We demonstrate that T cells 
can form tethers and rolling adhesions on P selectin 
and E selectin under physiologic flow conditions. 
Tethering and rolling on P selectin was independent of 
cell-surface cutaneous lymphocyte antigen (CLA) ex- 
pression, which correlated strictly with the capacity of 
T cells to form rolling adhesions under flow on E 



The mechanism used by circulating leukocytes to 
initiate contact with the luminal aspect of inflamed 
endothelium lining vessel walls requires transient 
interactions (tethers) mediated by selectins (Lawrence and 
Springer, 1991; Ley et al., 1991; Mayadas et al., 1993; von 
Andrian et al. , 1993). It has been proposed that tethered leu- 
kocytes, unlike cells flowing freely in vessels, can be selec- 
tively activated at the level of the endothelial cell membrane 
by chemokines or related molecules; these events appear to 
be essential for activation of integrin adhesiveness and trans- 
endothelial migration (Butcher, 1991; Bargatze and Butcher, 
1993; Taub et al., 1993; Springer, 1994). The latter process 
depends on interactions between leukocyte integrins and en- 
dothelial ligands (e.g., VLA-4/VCAM, LFA-l/ICAM). The 
available in vitro data indicate that these integrins cannot 
efficiently initiate attachment of a freely flowing leukocyte 
to an endothelial cell lining the vessel wall (Butcher, 1991; 
Springer, 1994). 
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selectin. T cell tethering to P selectin was abolished 
by selective removal of cell surface sialomucins by a 
P. haemolytica 0-glycopro tease, while cutaneous lym- 
phocyte antigen expression was unaffected. A sialomu- 
cin molecule identical or closely related to P selectin 
glycoprotein ligand-1 (PSGL-1), the major P selectin 
ligand on neutrophils and HL-60 cells, appears to be a 
major T cell ligand for P selectin. P selectin glycopro- 
tein ligand-1 does not appear to support T cell rolling 
on E selectin. In turn, E selectin ligands do not ap- 
pear to be associated with sialomucins. These data 
demonstrate the presence of structurally distinct 
ligands for P or E selectins on T cells, provide evi- 
dence that both ligands can be coexpressed on a single 
T cell, and mediate tethering and rolling on the re- 
spective selectins in a mutually exclusive fashion. 



Several immunologically mediated human diseases are 
characterized by the pathophysiologic extravasation of mem- 
ory T cells into peripheral tissue (Zhang, 1992; Kupper, 
1994; Picker, 1994), yet there is no compelling evidence that 
the paradigm developed to explain neutrophil transen- 
dothelial migration can also apply to T cell extravasation into 
peripheral tissues. However, binding of memory T cell sub- 
sets to E selectin in static binding assays has been reported 
(Picker et al., 1991, 1993; Shimizu et al., 1992), and more 
recently, evidence that subsets of T lymphocytes bind to P 
selectin has been presented (Damle et al. , 1992; Moore and 
Thompson, 1992; Rossiter et al., 1994). There is also evi- 
dence that chemokines (e.g., MIP-1/3, RANTES, MCP-1) 
and other T ceU-triggering molecules can be trapped on the 
luminal aspect of the vessel wall by proteoglycans, thus set- 
ting the stage for antigen independent memory T cell activa- 
tion in situ (Tanaka et al., 1993). Analogous multi-step 
mechanisms are postulated for T cell homing to peripheral 
lymph nodes and emigration through high endothelial ven- 
ules (Shimizu et al. , 1992), though in this case primary roll- 
ing interactions are mediated by lymphocyte surface L selec- 
tin and carbohydrate ligands expressed on the specialized 
endothelial walls (Imai et al., 1991; Lasky, 1992). 
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Recently, specific carbohydrate ligands for the endothelial 
selectins, E and P selectin, have been identified on neutro- 
phils and myelomonocytic cell lines (Moore et al., 1992; 
Levinovitz et al., 1993; Norgard et al., 1993). Leukocyte 
binding to P selectin is mediated by a newly described 
sialomucin glycoprotein, termed P selectin glycoprotein 
ligand-1 (PSGL-1)' (Sako et al., 1993), while E selectin 
binding appears to be mediated by multiple glycoconjugate 
ligands sharing lactosamine motifs related to the sialyl Lewis 
x/a (SLe**) antigen (Lowe et al., 1990; Picker et al., 1991; 
Pblleyetal., 1991; Rosen, 1993). We have shown previously 
(Rossiter et al. , 1994) that T cell clones derived from periph- 
eral blood and skin of atopic dermatitis patients differ in their 
levels of CLA (Berg et al., 1991), a SLe* containing ligand 
for E selectin defined by mAbs HECA-452 and CSLEX-1 
(Fukushima et al., 1984; Duijvestijn et al., 1988; Picker et 
al., 1990; Munro et al., 1992; van Reijsen et al., 1992). 
Binding of T cell clones to P selectin in this study did not 
correlate with either E selectin binding or CLA expression, 
raising the intriguing possibility that T cells express distinct 
ligands for E and P selectins (Rossiter et al., 1994). 

In the present study, we report that T lymphocytes can in- 
deed form rolling adhesions on purified endothelial selectins 
under conditions simulating physiological flow. Through the 
study of both normal peripheral blood T cells and specific 
CD4+ T cell clones, we conclude that distinct ligands ap- 
pear to mediate T cell interactions with P and E selectins. 
We used a novel 0-glycoprotease derived from Pasteurella 
haemolytica that is highly specific for 0-sialo mucin-like 
glycoproteins (Abdullah et al. , 1992; Sutherland et al. , 1992) 
to characterize their contribution to rolling adhesions on 
P and E selectins. We have identified PSGL-1 (or a closely 
related molecule) as the major ligand for P selectin on T cells, 
and found it does not contribute to T cell rolling adhesions 
on E selectin. The physiological significance of distinct li- 
gands on T lymphocytes for P and E selectin is discussed. 

Materials and Methods 
Antibodies 

HECA-452 (Rat IgM), a gift of Dr. L. Pi cker ( University of Texas/South- 
western, Dallas, TX) was produced and FTTC labeled as previously de- 
scribed (Duijvestijn et al.. 1988; Picker et al., 1990). FITC-conjugated Rat 
IgM was used to control for nonspecific binding. The ami-human P selectin 
murine mAbs used in this study as purified Igs were gifts of Dr. R. McEver 
(University of Oklahoma, Oklahoma City, OK); mAb Gl was used for 
blocking P selectin function; mAb S12, a non-function-blocking mAb, was 
used for site density determinations of P selectin in the planar membranes 
(Geng et al. , 1990). MAb BB1 l(IgG2b), a function-blocking anti-E selectin 
mAb (Lobb et al., 1991) was obtained from Dr. R. Lobb (Biogen, Cam- 
bridge, MA). Rb 3026, a well-characterized polyclonal antibody to the 
fucosylated extracellular portion of PSGL-1 (Sako et al., 1993), was a 
gift of Dr. G. Larscn (Genetics Institute, Cambridge, MA). FTTC- and 
phycoerythrin (PE)-conjugated secondary antibodies were obtained (South- 
ern Biotechnology, Birmingham, AL), and used according to manufac- 
turer's instructions. 

Flow Cytometry 

FACS analysis: flow cytometry was performed on a Becton-Dickinson 
FACSCAN: 10 5 cells were analyzed per test, using FTTC-labeled HECA 



I. Abbreviation used in this paper: CLA, cutaneous lymphocyte antigen; 
Der.p.l, Dermatophagoides pteronyssinus antigen; NRb, normal rabbit se- 
rum; OG, octyl-glucoside; PE, phycoerythrin; PSGL-1, P-selectin glyco- 
protein ligand-1; SLe 1 , Sialyl Lewis x. 



452. FTTC -conjugated Rat IgM was used as a control. Cells were also 
stained with anti-PSGL-1 polyclonal antiserum (Rb 3026) (1:100 dilution), 
or control rabbit serum, washed, and labeled with a secondary FTTC for 
single color or PE conjugated goat anti-rabbit antibody for two color 
analysis. 

Isolation of Peripheral Blood T Cells and Generation 
of T Cell Clones 

CFTS 4:3.1 and CFT 4:1.7 were derived from a patient known to develop 
atopic dermatitis after exposure to the house dust mite Dermatophagoides 
pteronyssinus. CFTS 4:3.1 was obtained from a biopsy of an epicutaneous 
patch test to Dermatophagoides pteronyssinus 24 h after challenge as previ- 
ously described (van Reijsen, 1992). Clone CFT 4:1.7 was obtained from 
peripheral blood and was derived in an identical fashion; these cells are not 
antigen specific for Der.p. 1. Both clones are CD4+ and express the a/P 
TCR. Clone C4B5 was the generous gift of Dr. R. Modlin (UCLA, Los 
Angeles, CA) and was derived from a patient with leprosy. It is CD4+, 
produces a TH0 profile of cytokines, and is antigen specific for M. leprae. 
Clones were maintained as previously described (Rossiter, 1994). 

Peripheral blood T lymphocytes were isolated by Ficoll Hypaque density 
gradient centrirugation, followed by depletion of monocytes, B lympho- 
cytes, and NK cells using mAbs to selective surface markers followed by 
magnetic bead-mediated negative selection, as described (Carr et al., 
1994). CD3 immunoreactivity was greater then 90% as determined by fiow 
cytometry. 

Cell Adhesion Assays 

51 Cr-labeled lymphocytes were preincubated at 4°C with various dilutions 
of PSGL-l-specific antiserum or norma] rabbit serum (NRb) in binding 
medium (HBSS/Hepes/10 mM Ca 2+ /10 mM Mg 2+ /2% BSA). The cell sus- 
pension was added to multiwell plates precoated with anti-human IgG Fc 
Ab followed by P-selectin Rg, E-selectin Rg, or control CD4-Rg chimera 
absorption (Zettlmeissl et al., 1990), as previously described (Rossiter et 
al. , 1994). The plates were gently rotated at room temperature for 30 min 
in order to maintain shear conditions. Unbound cells were separated from 
bound cells by inverting the plates, as described previously (Rossiter et al., 
1994). 



Preparation of Selectin Containing Planar Bilayers 

Recombinant full length human E selectin was purified from a CHO cell 
line transfected with E selectin cDNA, (a generous gift of Dr. R. Lobb), 
by immunoaffinity chromatography using anti-E selectin mAb BB1 1 cou- 
pled to Sepharose. P selectin, purified from human platelets, was a gift of 
Dr. R. McEver. Liposomes containing the reconstituted selectins, were pre* 
pared as previously described (Lawrence and Springer, 1991) by the method 
of octyl-glucoside (OG; Sigma Chem. Co., St. Louis, MO) dialysis. 

Determination of Selectin Site Densities 

Liposomes were reconstituted with different quantities of a purified selectin 
and planar membranes were formed as described (Lawrence and Springer, 
1991). Radiolabeled mAbs SI 2 or BB1 1 were used at 20 jig/ml for site den- 
sity determination of P or E selectin-containing membranes, respectively. 
The purified antibodies were iodinated to a known specific activity and site 
densities of each planar bi layer were determined by saturation binding as 
previously described (Dustin and Springer, 1989). Site densities were deter- 
mined in triplicate. 

Cell Treatments 

lb remove terminal cell -surface sialic acids, cells were incubated with Oil 
U/ml Vibrio Cholera neuraminidase (Calbiochem, San Diego, CA) for 30 
min at 25°C in HBSS supplemented with 10 mM Hepes and 2 mM Ca 2+ 
(H/H Ca 2+ medium). Tb assess the role of 0-sialo mucin-like ligands for 
selectins in leukocyte rolling adhesions to each selectin, lymphocytes or 
HL-60 cells (lOVml) were incubated for 40 min at 37 °C in binding 
medium: H/H Ca 2+ medium supplemented with 2 mg/ml HSA (Calbio- 
chem, San Diego, CA) in the presence of 50 ugfmX of P. haemolytica O-gly- 
coprotease (a generous gift of Dr. A. Mellors, University of Guelph, On- 
tario). Control cells were incubated at 37°C in this medium in absence of 
enzymes. Reactions were terminated by washing the cells twice with H/H 
medium + 5 mM EDTA. Cells were kept at 4°C up to 2 h in binding 
medium. 
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Laminar Flow Assays 

A glass slide containing a planar bilaycr was assembled in a parallel flow 
chamber (260-fxm gap thickness) and mounted on the stage of an inverted 
phase-contrast microscope (Diaphot-TMD; Nikon Inc., Garden City, NY), 
as previously described (Lawrence and Springer, 1991). Cells were 
resuspended at a concentration of 1 x lOVml in binding medium and at- 
tachment during flow was assayed. The number of adherent celts per field 
of view (0.43 ± 0.01 mm 2 ) which attached during initial periods of con- 
tinuous flow was quantitated by a visual count of the fields videotaped while 
scanning the tower plate of the flow chamber. Cell attachment events were 
expressed in rate of attachment. The wall shear stress was calculated assum- 
ing a viscosity of assay buffer equal to the viscosity of water at room temper- 
ature (1.0 centipoise, 24°C). T clones or HL-60 failed to attach to the selec- 
tin containing membranes at shear stresses higher than 1.8 dynes/cm 2 . 
PMN attached to identical selectin containing bi layers at shears as high as 
3.6 dynes/cm 1 . 

For detachment assays, cells were infused into the chamber at a shear 
of 0.73 dynes/cm 2 , allowed to adhere until equilibration was reached and 
the shear force was then increased every 20 s to a maximum of 36 dynes/ 
cm 2 . A given batch of cells, pretreated with the different enzymes, was 
compared for attachment rate to a given field of the selectin-containing 
membrane. 

Analysis of Cell Rolling 

All cells were bound during shear flow (0.73 dyne/cm 2 ) for 1-2 min and the 
shear force was increased every 20 s. Images were recorded on a time-lapse 
video cassette recorder and analyzed as previously described (Lawrence and 
Springer, 1991) except that cell displacements were measured over 5-10-s 
intervals. Rolling was assessed only for cells which remained adherent for 
at least 20 s at the shear applied. Rolling of a given group of cells, differently 
pretreated with the various reagents, was measured in identical fields of 
view in order to directly assess the effects of these treatments. In each ex- 
periment, under the highest shear applied, at least 20% of the cells origi- 
nally attached remained adherent and rolling. 
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figure L Attachment of peripheral blood T lymphocytes to P and 
E selectin under shear conditions. Purified 31 Cr labeled T cells 
(5 X lOVweil) in binding medium (HBSS/Hepes/10 mM Ca*710 
mM Mg 2+ /2%BSA) were allowed to attach to either P or E selec- 
tin chimeras, immobilized in multiwell plates. A CD4 chimera 
served as a control. Plates were gently rotated to maintain shear 
conditions under which selectin-mediated tethering predominates. 
In the presence of EDTA or EGTA all cell binding was abolished. 
E selectin function-blocking mAb (BB11) reduced T cell binding to 
background levels (not shown). Results are the means of triplicates. 
A representative of three experiments is shown. * p < 0D5 and 
** p < 0.001 with respect to cell attachment to P selectin. 0, No 
antibody; a, a P selectin blocking antibody. 



Results 

Normal Peripheral Blood T Lymphocytes Tether to P 
and E Selectin 

We wished to determine the relative percentages of normal 
peripheral blood T cells that tethered to P and E selectin, 
respectively, under shear stress. At saturable selectin densi- 
ties coated on the substrate, of T cells bound to P 
selectin, and a similar percentage of T cells bound to E 
selectin (Fig. 1). Tethering under these conditions was al- 
ways followed by rolling of all cells on both selectins (not 
shown). Subsequent experiments to determine whether these 
ligands were distinct, and whether they were present on the 
same or different T cells, yielded equivocal results. While 
these data and our prior results (Rossiter et al., 1994) sug- 
gested that different ligands might mediate these interactions 
on peripheral blood T cells, such an analysis of a heteroge- 
neous population of T cells could not shed further light on 
the expression and function of each type of putative selectin 
ligand on individual T cells. Subsequent analyses focused on 
homogeneous populations of cloned human T cells. 

CLA is not Required for Tethering and Rolling of T 
Cells on P Selectin Under Physiological Flow 

We characterized the properties of three representative T 
cell clones with regards to attachment and rolling under 
physiological flow conditions on artificial membranes con- 
taining P or E selectin (Lawrence and Springer, 1991). HL- 
60, a promyelocytic cell line that exhibits well-characterized 
binding to both E and P selectins, served as a positive con- 
trol. All three T clones are CD4+, express ct& T cell recep- 
tors, and are CD45RO positive and RA negative (Rossiter et 



al., 1994; R. Modlin, unpublished data). These clones were 
selected because they expressed high, low, or absent levels 
of CLA, as defined by HECA-452 reactivity. This monoclo- 
nal antibody is an IgM that defines a sialylated carbohydrate 
antigen associated with multiple leukocyte glycoconjugates 
terminating with SLe*-related carbohydrates (Berg et al., 
1991). Clone C4B5 is a TH0 clone that lacks detectable 
CLA, while clone CFTS 4:3.1 expresses high levels of CLA 
(Fig. 2). Clone CFT 4:1.7 expresses low but detectable levels 
of CLA (Fig. 2). 

Despite lacking any carbohydrate structures recognized by 
HECA-452, C4B5 lymphocytes attached and rolled on P se- 
lectin under flow. In fact, they did so more readily than HL- 
60 cells, which express high HECA-452 levels (Fig. 3 a). 
This attachment could be fully blocked by the anti-P selectin 
function-blocking antibody mAb Gl (data not shown). In 
contrast, C4B5 cells did not attach to E selectin under the 
flow conditions of the assay, while HL-60 cells did so readily 
(Fig. 3 a). We conclude that the T clone C4B5 expresses a 
functional P selectin ligand(s) that is not recognized by 
HECA-452 antibody and is thus distinct from CLA. 

P Selectin Ligands on T Cells Are 
O-glycoprotease-sensitive Sialomucins 

A novel endopeptidase that selectively degrades O-sialo- 
mucins (Abdullah et al., 1992) was recently shown to se- 
lectively abolish binding of HL-60 and PMN to P selectin 
(Steininger et al . , 1 992) . Treatment of C4B5 cells or HL-60 
cells with G-glycoprotease completely abolished their teth- 
ering to P selectin, but did not influence HL-60 attachment 
to E selectin (Fig. 3 a). Similar elimination of C4B5 attach- 
ments to P selectin was observed after neuraminidase treat- 
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Figure 2. HECA-452 FACS 
analysis of HL-60 and T lym- 
phocyte clones. Cells were 
stained with FITC-labeled 
HECA 452 or control IgM. 



ment. The P selectin ligand on HL-60 cells was partially sus- 
ceptible to neuraminidase treatment at 24°C (Fig. 3 a), and 
neuraminidase treatment at 37 °C completely abolished the 
P selectin ligand (not shown). Collectively, the effects of 
these different enzyme treatments suggest that the predomi- 
nant P selectin ligand on the C4B5 T cell clone is a sialomu- 
cin, just as in neutrophils and HL-60 cells (Steininger et al., 
1992). This P selectin ligand does not appear to support the 
clone tethering and rolling on E selectin. It is notable that 
adherent C4B5 ceils exhibited an extremely high resistance 
to increasing shear stresses applied on cells tethered to P 
selectin. The majority of C4B5 cells continued to roll on this 
selectin at shear stresses equivalent to the highest measured 
in post capillary venules (35 dynes/cm 2 ( (Fig. 3 b). In con- 
trast, the few T cells or HL-60 which tethered to P selectin 
after 0-glycoprotease treatment, had transient rolling and 
readily detached from the selectin at low shear stresses, indi- 
cating near complete removal of P selectin ligands. 

Binding ofT Cells to E Selectin Is Not Mediated by 
O-glycoprotease Sensitive Sialomucins 

The T cell clone CFTS 4:3.1, which expresses high levels of 
cell surface CLA (Fig. 2), attached and rolled on E selectin- 
containing membrane in a manner comparable to HL-60 
cells (Fig. 4, a and b). These rolling adhesions were com- 
pletely abolished by neuraminidase treatment (Fig. 4 b), 
CFTS 4:3.1 T cells had considerable resistance to increasing 
shear on E selectin, with a significant proportion of cells ex- 
hibiting persistent rolling at shear stresses as high as 15 
dynes/cm 2 (Fig. 4 b). C?-glycoprotease treatment of CFTS 
4:3.1 had a negligible effect on E-selec tin-mediated adhe- 
sions (Fig. 4 b). CFTS 4:3.1 T cells also express ligand(s) 
for P selectin. In contrast to interactions with E selectin, 
both attachment under flow (Fig. 4 a) and rolling on P selec- 
tin (Fig. 4 c) were eliminated by 0-glycoprotease treatment, 



indicating that the P selectin ligand on these cells is a sialo- 
mucin. 0-glycoprotease-treated 4:3.1 cells appear to retain 
completely their functional E selectin ligands, despite having 
lost virtually all cell surface sialomucins to this endopepti- 
dase (including their P selectin ligand[s]). Identical results 
were obtained with HL-60 cells (Fig. 4, a and b)\ after loss 
of their entire P selectin binding capacity, these cells could 
still attach (Fig. 4 a) and roll (Fig. 4 b) normally on E selec- 
tin. Taken together, these data suggest that CLA, or other 
sialylated E selectin ligands on T cells resistant to 0-glyco- 
protease treatment, do not support rolling attachments to P 
selectin. This is consistent with previous studies on myeloid 
cell lines (Larsen et al., 1992). 

CFT 4:1.7, a T cell clone derived from peripheral blood, 
expresses low but detectable levels of CLA (Fig. 2). Attach- 
ment rates of this clone to P selectin were comparable to 
those observed with HL-60 (Figs. 3 a and 5 a), and as al- 
ways, attachment was followed by rolling (Fig. 5 b). All in- 
teractions of this clone with P selectin were completely abol- 
ished by 0-glycoprotease treatment (Fig. 5, a and b). FACS 
analysis indicated that virtually complete removal of P 
selectin-binding activity by 0-glycoprotease treatment did 
not result in any decrease in the cell surface expression of 
CLA or other HECA-452 reactive molecules, even on cells 
where the baseline expression of such epitopes was low (not 
shown). 

Another parameter that assesses the average number of 
tethers being formed by a rolling cell is resistance to detach- 
ment of forces continuously applied on it (Lawrence and 
Springer, 1993). We compared the three T clones, all preat- 
tached under low flow conditions to P selectin, for their rela- 
tive shear resistance on this selectin. The CLA"* C4B5 
clone had the highest shear resistance on P selectin, whereas 
the CLA^ T clone 4:3.1 had the lowest value (Fig. 6). 
Based on this assay, and its highest cell attachment rates to 
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Figure 5. Attachment of C4B5 
and HL-60 cells under flow 
conditions to purified P and E 
selectins reconstituted in lipid 
bilayers. (a) Effect of enzy- 
matic pretreatments of the 
flowing cells. Cells (lOVml) 
were preincubated with con- 
trol binding medium alone or 
with 0-glycoprotease (at SO 
Mg/ml; 20) or 0.1 U/ml Vibrio 
cholera neuraminidase (Cal- 
biochem, San Diego, CA) at 
37 or 25°C, respectively, for 
30 min. Reactions were termi- 
nated by washing the cells 
twice with H/H medium + 5 
mM EOTA. Cells (1 x 
lOVml) were infused in bind- 
ing medium (HBSS/Hepes/2 
mM Ca 2+ supplemented with 
2 mg/ml HSA) at 0.73 
dyne/cm 2 wall shear stress 
through a parallel plate flow 
chamber (Lawrence and 
Springer, 1991, 1993). Rates 
of cell attachment to the 
artificial planar bilayer con- 
taining P or E selectin at 650 
and 500 sites/ jtm 2 , respec- 
tively, were calculated from 
the numbers of cells adhered 
to a given field of view (0.43 ± 
QOl mm 2 ) per minute. All cells 
started to roll upon adherence 
to the selectin-containing 
membrane. Bars show the 
standard error of the mean. 
Results are representative of 
two independent experiments. 
At 37 °C, neuraminidase com- 
pletely blocked attachment of 
both HL-60 and C4B5 cells to 
P selectin. (b) Effect of Ogly- 
coprotease pretreatment on 
C4B5 and HL-60 rolling on P 
selectin. Cells, attached at 



flow to the P selectin membranes as described in a were exposed to increasing shear stresses and their rolling velocities at each stress 
were determined. Each point represents the mean ± SEM of 20-30 rolling cells. Velocity values of cells observed to roll at the given 
shear stress in a transient manner (mean velocities greater than 50 fimfs) and eventually detach from the membrane are not shown but 
are indicated by connecting dashed lines. E2, Control; □, 0-glycoprotease; ffl, neuramidase. 
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P selectin (Fig. 3 fl), C4B5 appears to express the highest 
P selectin ligand level. 

These observations suggest that the P selectin ligands on 
all three T cells are sialomucin structures that do not react 
with an antibody specific for common SLe* related struc- 
tures. In contrast, rolling adhesions of T cells on E selectin 
are closely associated with the presence of SLe* bearing 
glycoproteins (e.g., CLA). Since C4B5, the T cell clone 
negative for HECA-452 reactivity (Fig. 2), attached very 
poorly to E selectin under flow, it would appear that HECA- 
452 reactivity is indeed closely correlated with functional E 
selectin ligand activity. This was true for all lymphocyte 
clones thus far tested, a result consistent with data previ- 
ously obtained on these T cells in static binding assays (Ros- 



siter et al., 1994). The role of CLA in the binding of these 
cells has been difficult to confirm by antibody blocking ex- 
periments, since HECA-452 is an inefficient blocking anti- 
body (L. Picker, personal communication; and Berg et al. , 
1992). 

PSGL-1 or a Closely Related Molecule Is the Major P 
Selectin Ligand on T Cells 

The P selectin ligand, PSGL-1, recently cloned from a 
cDNA library of HL-60, appears to be the sole P selectin 
ligand on myeloid cells and neutrophils (Sako et al., 1993). 
We asked whether the Sialomucin ligand(s) for P selectin on 
T cells is homologous to PSGL-l, using a polyclonal anti- 
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Figure 4. Attachment and rolling of CFTS 4:3.1 T clone on P but 
not on E selectin are mediated by sialomucins. (a) Effect of O-gly- 
coprotease induced removal of surface mucin-like sialoglycopro- 
teins on attachment of CFTS 4:3.1 under flow to £ selectin and P 
selectin. HL-60 cell attachment to £ selectin is shown for compari- 
son. Cells (I X lOVml) were infused at 073 dyne/cm 2 and attach- 
ment rates to P selectin at 650 sites/pm 3 or £ selectin at 250 
sites/ftm 2 were determined as in Fig. 3. Bars show the standard er- 
ror of the mean. E3, Control; O-glycoprotease. (£) Effect of 
O-glycoprotease treatments and neuraminidase on rolling velocities 
of 4:3.1 clone at different shear stresses on E selectin (coated at 250 
sites/jxm 2 ). Effect of enzyme treatments on HL-60 rolling on E 
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Figure 5. Different contribution of sialomucin and CLA ligands to 
CFT 4:1.7 T cell clone rolling adhesions on P and E selectins. (a) 
Attachment of 4:1.7 T clone to selectins under flow conditions fol- 
lowing enzymatic treatments. Cells 0 x lOVmJ) were infused at 
0.73 dyne/cm 2 and rates of attachment to P selectin (at 650 
sites//xm 2 ) or to E selectin (at 500 sites/jim 2 ) were determined. 
The T clone attachment rate to the P selectin containing membrane 
was reduced two-fold at elevated shear (1.8 dynes/cm 2 ). Enzymatic 
pre treatments were as described above. Error bars show the stan- 
dard error of the mean. Results are representative of three experi- 
ments. 0, control; (8, + neuraminidase; + O-glycoprotease. 
(b) Rolling of 4:1.7 T cells on P selectin at different wall shear 
stress. Effect of O-glycoprotease treatment on rolling velocity. Cells 
attached during flow were exposed to increasing shear stresses and 
their rolling velocities were calculated as described in previous 
figures. Each point represents the mean ± SEM of 20-30 cells. 



selectin (coated at 500 sites/jim 2 ) is shown for comparison. nsv f 
HL-60 control; HL-60 + O-glycoprotease; ~A~, HL-60 + 
neuraminidase; hs-, 4:3.1 control; -D-, 4:3.1 + O-glycoprotease; 
□ — , 4:3.1 + neuraminidase, (c) Effect of O-glycoprotease treat- 
ment on rolling of 4:3.1 clone on P selectin coated at 650 
sites//im 2 . Velocities of cells which rolled transiently at the higher 
shear are indicated by dashed lines. O-glycoprotease treatments and 
rolling velocity analysis were performed as described in Fig. 2. Re- 
sults are representative of two and four different sets of experi- 
ments, for 4:3.1 T clone and HL-60 cells, respectively. 
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Figure 6. Relative resistance of T cells attached to P selectin to 
detaching shear stresses. Effect of O-glycoprotease pretreatment. 
Cells were infused through the chamber at 0.73 dynes/cm 2 for 2 
min and then the flow rate was increased in stage increments every 
20 s. The number of cells which attached to the P selectin- 
containing membrane after O-glycoprotease treatment was sig- 
nificantly lower than untreated cells. The percentage of cells that 
remained bound and rolling was determined after 10 s at each shear 
stress. Control (untreated) samples of each clone are shown in bold; 
O-glycoprotease treated cells are shown in open symbols, -a-, 
C4B5; — A — , + O-glycoprotease; 4:1.7; — o--, + O-glyco- 
protease, 4:3.1; --□--» + O-glycoprotease. 

body (Rb 3026) specific for a functional selectin-binding 
glycoform of the recombinant PSGL-I protein expressed in 
COS cells cotransfected with fucosyltransferase III (Sako et 
al . , 1993). All T cell clones and lines thus far tested are posi- 
tive by flow cytometry for PSGL-1 expression (not shown). 
Treatment of T cell clones and HL-60 cells with O-gly- 
coprotease significantly reduced PSGL-l-specific staining 
(Fig. 7 a). 

We next assessed the specific role of PSGL-1 in T cell 
binding to P selectin in a binding assay shown in Fig. 7 b. 
A significant, specific, and dose-dependent blocking of T 
cell binding to P selectin in the presence of Rb 3026 was 
reproducibly observed. The adhesion inhibition by this an- 
tiserum was not a result of cell agglutination by the poly- 
clonal antibody, as judged by visual inspection. Rb 3026 did 
not influence T cell binding to E selectin (not shown). Col- 
lectively, these data demonstrate that T cell PSGL-1, or a 
closely related sialomucin, can function as a major P selectin 
ligand. 

Finally, we turned our attention back to peripheral blood 
T cells. Two color flow cytometry analysis of peripheral 
blood T cells indicated that, surprisingly, the majority of T 
cells express immunoreactive PSGL-1 (judged by Rb 3026 
binding), while only a small subset express CLA (Fig. 8). 
Treatment of T cells with O-glycoprotease completely abol- 
ishes Rb 3026 reactivity while not affecting HECA-452 reac- 
tivity. This indicates that all Rb 3026 immunoreactivity is as- 
sociated with the O-glycoprotease sensitive sialomucin(s). 
The tethering of peripheral blood T cells to P selectin shown 
in Fig. 1 can be blocked by O-glycoprotease, while E selectin 
tethering cannot (not shown). These data indicate that pe- 
ripheral blood T cells and the clones characterized in this 
study behave in a similar fashion with regards to selectin 
tethering. 
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Figure 7. PSGL-1 is a major P selectin ligand in T cells, (a) PSGL-1 
staining of CFTS 4:3.1 clone and HL-60 cells before and after treat- 
ment with O-glycoprotease. Cells were stained with anti-PSGL-1 
rabbit antiserum (Sako et al., 1993) or control rabbit serum (1:100 
dilution) washed and labeled with a secondary FTTC-goat anti- 
rabbit antibody. Heavy line, before treatment; dotted line, after 
treatment; pole line, control Ab. (b) A dose-response blocking of 
CFTS 4:3.1 T cell adhesion to P selectin substrate in die presence 
of anti-PSGL-1 antiserum. 51 Cr-labeled lymphocytes were prein- 
cubated at 4°C with various dilutions of PSGL-l-specific antiserum 
(Rb 3026) or NRb in binding medium. The cell suspension was 
added to multiwell plates precoated with P selectin or control BSA 
and the plates were gently rotated at room temperature for 30 min. 
Unbound cells were separated from bound cells by inverting the 
plates, as described previously (Rossiter et al., 1994). Adhesion is 
expressed as percentage of radioactivity bound. Background adhe- 
sion to human IgG was 4%. 

It is clear that only a subset of PSGL-1 positive T cells bind 
to P selectin. It is likely that only specific glycoforms of 
PSGL-1 mediate binding to P selectin, and that glycosylation 
patterns, rather than surface-expression of PSGL-1 per se 
correlate with ligand binding activity. These results are con- 
sistent with the observation that transaction of COS cells 
with PSGL-1 cDNA alone did not result in P selectin bind- 
ing. Cotransfection with fucosyltransferase was required for 
the acquisition of binding activity. The PSGL-1 sialomucin 
appears to be restricted to leukocytes, however, since fibro- 
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Figure 8. Distinct subsets of T 
lymphocytes express CLA 
and PSGM. Two color FACS 
analysis of cells stained with 
FITC-labeled HECA 452 and 
anu-PSGL-1 antiserum fol- 
lowed by PE-conjugated sec- 
ondary antibody was per- 
formed before and after 
enzyme treatments with either 
0-glycoprotease or neuramin- 
idase as described in Mate- 
rials and Methods. 



blasts and keratihocytes are not Rb 3026 positive (not 
shown). It should be noted that these latter cells do express 
multiple sialomucins that do not react with Rb 3026. 

Discussion 

The present study provides the first evidence that subsets of 
T cells tether and roll on P and E selectins. Our use of cloned 
T cells in addition to peripheral blood T cells in this study 
enabled us to analyze interactions of homogeneous popula- 
tions with purified selectins in well defined flow conditions, 
using a parallel plate flow chamber system (Lawrence and 
Springer, 1991, 1993). We show that, under continuous flow 
conditions using P or E selectin reconstituted at physiologi- 
cal site densities in artificial membranes, all T cells that 
tethered to these selectins remained attached and rolled on 
the selectins at high shear stresses. 

Three main observations made in this study indicate that 
CLA, previously implicated in E selectin binding (Picker et 
al., 1991; Shimizu et ah, 1992), does not serve as a P selec- 
tin ligand. First, high levels of CLA as measured by FACS 
analysis on a subset of peripheral blood T cells, the 4:3.1 T 
clone, and HL-60 remained intact after O-glycoprotease 
treatments which remove surface sialomucins, but were not 



sufficient to support rolling adhesions on P selectin. Second, 
attachment and rolling on E selectin was not significantly 
influenced on any cell treated with the 0-glycoprotease, sug- 
gesting (at best) only a minor contribution of mucin-like 
ligands to E selectin binding. Finally, HECA-452 reactivity, 
the working definition of CLA expression on different T 
clones, did not correlate with the level of P selectin binding 
activity; in fact, T cells that lacked any CLA reactivity or 
E selectin binding expressed the highest levels of P selectin 
ligand as assessed by function (C4B5). 

We did not find any CLA-related carbohydrates to be as- 
sociated with the 0-glycoprotease- sensitive sialomucins on 
T cells or HL-60, because even the most exhaustive 0-glyco- 
protease treatments did not alter their level by FACS analy- 
sis. The insensitivity of CLA expression to 0-glycoprotease 
digestion was confirmed both with the 4:1.7 clone (not 
shown), which expresses very low levels of CLA, and with 
peripheral blood T cells (Fig. 8). Although a previous report 
indicated that HL-60-derived PSGL-1 decorated with SLe* 
can support cell adhesion of cells transacted with either P 
or E selectin (Sako et al., 1993), we could not demonstrate 
any contribution of cell surface PSGL-1 or any other sialo- 
mucin to leukocyte rolling adhesions of E selectin. 

All T cells tested were positive for PSGL-1 immunoreac- 
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tivity, as judged by a polyclonal antibody Rb 3026 specific 
for the recombinantly expressed sialoglycoprotein, PSGL-1 
immunoreactivity was abrogated by O-glycoprotease treat- 
ment, both on peripheral blood T cells, T cell clones, and 
HL-60 cells, indicating that the RB 3026 immunoreactivity 
is sialomucin associated. Furthermore, the anti-PSGL-1 an- 
tibody blocked binding of T cells to P selectin in a dose de- 
pendent fashion. This blocking was highly reproducible, 
though it required relatively high concentrations of antibody. 
While it is likely that T cells express authentic PSGL-1, it 
should be pointed out that this molecule was defined in HL- 
60 cells and neutrophils, and we cannot rule out the possibil- 
ity that a closely related but distinct molecule on T cells is 
the authentic P selectin ligand. If so, this T cell P selectin 
ligand must be a sialomucin (based on the sensitivity of im- 
munoreactivity to O-glycoprotease) and must share P selec- 
tin binding epitopes with HL-60-derived PSGL-1, based on 
the blocking ability of Rb 3026. The future cDNA cloning 
of the P selectin ligand from one of our T cell clones should 
resolve the question of structural differences between my- 
eloid and lymphoid PSGL-1 glycoforms. 

We were initially surprised that virtually all peripheral 
blood T cells reacted with Rb 3062 by FACS analysis. It now 
appears that the protein backbone of PSGL-1 is nearly ubiq- 
uitous on all leukocytes, although it is not found on fibro- 
blasts and keratinocytes. It appears that PSGL-1 immunore- 
activity is necessary but not sufficient for P selectin binding 
function. Precedence exists for this dichotomy, in that im- 
munoreactivity of CD34, the sialomucin endothelial ligand 
of L selectin is also widespread, while only a small subset 
of cells that express CD34 also have the potential to glycosy- 
late this molecule appropriately to express L selectin carbo- 
hydrate ligand (Baumhueter et al. , 1993). There is also good 
evidence that fucosylation of PSGL-1 is necessary for func- 
tion, based on the requirement that PSGL-1 cDNA must be 
co-transfected with al-3/4 fucosyltransferase cDNA into 
COS cells to confer a P selectin binding phenotype (Sako et 
al., 1993). Fucosyltransferases are also required for the bio- 
synthesis of E selectin carbohydrate ligands (Lowe, 1990), 
but the finding that T cells lacking E selectin ligands express 
functional ligands for P selectin suggests the possibility that 
different types of glycosyltransferases are required for the 
generation of E and P selectin ligands on T lymphocytes. 

Taken together, these results indicate that a subset of hu- 
man T cells express a functional P-selectin sialomucin ligand 
which mediate their rolling adhesions on this selectin under 
conditions of physiologic flow, and that the major T cell P 
selectin ligand is similar or identical to PSGL-1. Cell as- 
sociated PSGL-1 does not appear to be either necessary or 
sufficient for T cell or HL-60 cell binding to E selectin (Figs. 
3 a and 4 a), which strictly correlates with the expression 
of the SLe* -containing molecule, CLA. Conversely, the 
presence of this putative E selectin ligand on a subset of T 
cells is not sufficient for their rolling adhesions on P selectin. 
The presence of two structurally distinct ligands, specific for 
different endothelial selectins and subject to differential 
regulation on different subsets of T cells, that support rolling 
adhesions of T cells under physiological flow conditions is 
novel and has not been reported previously. This observation 
suggests that there is heterogeneity among T cells with 
regards to their preferential interaction with one endothelial 



selectin over another. The analysis of peripheral blood T 
cells, as well as the clones, indicates that T cells can express 
either one or both of these selectin ligands. 

It would appear that recruitment of circulating lympho- 
cytes to endothelial sites of inflammation (as opposed to 
secondary lymphoid tissues) is primarily regulated by en- 
dothelial selectins recognizing counter-receptors on mem- 
ory T cells, rather than by L selectin, since at least some of 
the memory T cells which recirculate through these sites 
lack L selectin (Picker et al., 1994). L selectin on C4BS and 
on peripheral blood T cells was resistant to O-glycoprotease, 
under conditions which removed all P selectin ligands on 
these cells (data not shown), suggesting it has no direct con- 
tribution to P selectin binding, lb the extent that some mem- 
ory T cells bearing L selectin could interact with putative L 
selectin ligands on non-lymphoid endothelial sites of inflam- 
mation (von Andrian et al., 1991), this may represent yet a 
third potential adhesion pathway that can be used by T cells 
to initiate tethering to these peripheral endothelial sites. 
Coexpression of L selectin and endothelial selectin ligands 
(e.g., CLA, active PSGL-1) may permit memory T cells to 
recirculate between peripheral tissue, blood, and lymph 
nodes (Picker et al., 1994). 

The potential of circulating peripheral blood T cells to in- 
teract with activated endothelial cells by adhering and rolling 
on E and P selectins, both of which in turn are subject to 
specific regulation in many pathophysiologic states of in- 
flammation (Weller et al., 1992; Hahne, et al., 1993; Mul- 
ligan et al. , 1993), points out a novel mechanism by which 
T cells may recirculate through peripheral tissues. It sug- 
gests that like monocytes and granulocytes (Lawrence and 
Springer, 1993), T lymphocytes may also use rolling adhe- 
sions on endothelial selectins at peripheral sites of inflamma- 
tion as the antigen independent primary event that is prereq- 
uisite for subsequent multi-step activation, stable adhesion, 
and mwendothelial migration (Shimizu et al., 1992; Bevi- 
lacqua and Nelson, 1993; Springer, 1994). 

While P selectin expression has been identified with im- 
mediate inflammatory events (e.g., platelet degranulation, 
endothelial cell Weibel-Palade body membrane fusion), evi- 
dence is accumulating that it can be expressed on endothelial 
cells at sites where inflammation is prolonged or chronic 
(Weller et al. , 1992; Grober et al. , 1993). It is therefore pos- 
sible that different subsets of T cells home to different ana- 
tomical sites based in part upon their selectin ligand surface 
profile. Just as CLA positive T cells may preferentially home 
to skin or to chronic sites where E selectin expression is up- 
regulated, P selectin ligand-expressing T cells may home 
more efficiently (for example) to inflamed synovium (where 
P selectin expression is chronically elevated) or preferen- 
tially recirculate through any anatomical sites where en- 
dothelial P selectin expression is transiently induced. It is 
furthermore likely that differential expression of specific P 
and E selectin ligands would add to the diversity of potential 
adhesive interactions that regulate memory T cell recircula- 
tion through peripheral tissues. It is these memory T cells 
that have been activated by environmental antigens in the im- 
mediate or remote past, and are most likely to find their anti- 
gen in the context of tissue specific inflammation induced by 
injury or microbial infection, rather than in peripheral 
lymph nodes. Tethering of memory T cells mediated by en- 
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dothelial selectins, followed by integrin-mediated firm adhe- 
sins and cytoskeletal mobilization, culminates in successful 
extravasation. 
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REVIEW ARTICLE 

Leukocyte-Endothelial Adhesion Molecules 

By Timothy M. Carlos and John M. Harlan 



IN 1985, a review article appeared in this journal that 
examined the interactions of leukocytes with vascular 
endothelium during an immune or inflammatory response. 1 
The basic physiology of leukocyte emigration as well as 
disease states in which alterations of leukocyte-endothelial 
interactions may contribute to pathology were discussed. 
Since then there has been an explosion of interest in this 
topic. This explosion has been fueled by remarkable ad- 
vances in the elucidation of the molecular basis of leukocyte 
adherence to endothelium and the potential for new therapies 
directed at these adhesion molecules. 2 

Before 1985 only a single protein involved in leukocyte 
adherence to endothelium had clearly been identified im- 
munologically — the murine lymphocyte homing receptor 
gp«x»-Mei j | n ^ subsequent years nine endothelial and nine 
leukocyte surface proteins involved in this heterotypic adhe- 
sion have been moleculariy cloned (Fig 1, A and B). In 
addition, several other distinct leukocyte and endothelial 
molecules have been identified functionally or immunologi- 
cally (Fig 1C). 

In this review, we focus on the expression, regulation, and 
function of the endothelial proteins known to be involved in 
the adhesion of leukocytes. We also consider the leukocyte 
counter-receptors for these proteins, and examine the current 
model of the sequential steps involved in leukocyte emigra- 
tion to sites of inflammation. Finally, the use of "anti-adhe- 
sion*' therapy in animal models of several diseases is re- 
viewed. 

To provide a detailed review we have focused solely on 
the role of these adhesion proteins in leukocyte-endothelial 
interactions. We do not address the many additional func- 
tions subserved by these molecules such as binding of para- 
sites (eg, malaria*' 5 ), viruses (eg, rhino virus 6,7 ), tumor cells, 8 
and hematopoietic precursors, 9 * 12 or their participation in sig- 
nal transduction. I3 "' 5 

Finally, although we have attempted to be comprehensive 
with respect to several aspects of leukocyte-endothelial adhe- 
sive interactions, we have undoubtedly overlooked some im- 
portant contributions in these areas, and we apologize for 
these oversights. The interested reader may wish to consider 
other recent reviews on this topic, 16 * 23 particularly those relat- 
ing to altered expression of adhesion molecules in human 
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disease 24 * 25 because this important aspect is not addressed in 
this review. 

HOMING RECEPTORS AND VASCULAR ADDRESSINS 

Lymphocytes recirculate between blood and lymphatics, 
gaining entrance into the latter at specialized endothelium 
on postcapillary venules in lymphoid tissue. 26 These high 
endothelial venules (HEVs) express specific surface proteins 
that have been designated as vascular addressins. Vascular 
addressins selectively bind subsets of circulating lympho- 
cytes that express complementary (homing) receptors- 17 ' 27 

The specificity of this interaction has been shown in vitro 
with binding studies examining lymphocyte or leukemic cell 
line adhesion to HEV in frozen sections of lymphoid tissue. 21. 
Currently, four vascular addressins have been identified 
functionally: peripheral lymph node (PNAd), 29 mucosal 
lymph node (ie, Peyers patches or appendix) (MAd), 30 sy- 
novium, 31 and skin. 32 Peripheral node addressins include 
GlyCAM-l and CD34 (see "Counter-structures for selec- 
tins**); an MAd is designated MAdCAM-1 (see "Endothelial 
I mmunoglobul in-like Proteins**), The complementary leuko- 
cyte homing receptors for these vascular addressins are 
L-selectin for GlyCAM-l, CD34, and MAdCAM-1 (see 
"Selectins") and for MAdCAM-1 (see "Leukocyte 
Integrins'*). 

The tissue distribution and function of some of these vas- 
cular addressins have been characterized by monoclonal anti- 
bodies (MoAbs). The MoAb MECA-79 identifies 50-kD and 
90-kD sulfated glycoproteins expressed by HEV in murine 
and human peripheral lymph nodes and blocks lymphocyte 
binding to peripheral, but not mucosal, lymph nodes in vitro 
and in vivo. 29 MoAb MECA-79 also reacts with venules at 
cutaneous sites of chronic, but not acute, inflammation in 
humans, suggesting that PNAd is expressed in other, non- 
HEV sites. 27 The MoAb MECA-367 identifies the MAd ex- 
pressed by HEV in mucosa-associated lymphoid tissues. 30 
MoAb MECA-367 immunoprecipitates an —60- 65-kD pro- 
tein from labeled mesenteric lymph node stroma and inhibits 
lymphocyte homing to mucosal, but not peripheral, lymph 
nodes in vitro and in vivo. 30 

MoAbs directed against the lymphocyte homing receptors 
for PNAd and MAd have also been shown to inhibit binding 
of lymphoid cells to HEV. Antibodies that react with L- 
selectin prevent the binding of lymphocytes to PNAd, 33 
whereas MoAbs directed against an integrin (LPAM-1, a J 
0 7 ) inhibit the adhesion of lymphocytes to MAd. 34 * 35 

SE LECTINS 

The selectin family is comprised of three proteins desig- 
nated by the prefixes E (endothelial), P (platelet), and L 
(leukocyte). 36 - 37 E-selectin (CD62E) and P-selectin (CD62P) 
are expressed by endothelial cells, and L-selectin (CD62L) 
is expressed only on leukocytes (Fig 1 A). Structural features 
common to the selectins are the presence of an NH 2 -terminal 
C-type (Ca 2 * -dependent) lectinlike binding domain, an epi- 
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A. Selectin - Carbohydrate 



Fig 1, Leukocyte and endothelial adhesion mole- 
cules. (A) Selectin receptors recognize carbohydrate 
counter-structures expressed on glycoproteins (or 
gfycolipids). E(endothe11eI)-selectIn (CD62E; ELAM-1) 
and P(plateletr-sefectin (CD62P; G MP- 140, PADGEM) 
recognize sialylated, fucosylated carbohydrate moie- 
ties on leukocytes including sialyl Lewis" (SLe*; 
CD15s). E-eetoctln also binds the cutaneous lympho- 
cyte antigen (CLA) expressed on a subset of memory 
T cells. P -selectin has been reported to bind to SLe" 
(or related sfalylated, fucosylated structures) ex- 
pressed on P-selectin- glycoprotein ligand-1 (PSGL- 
1) and L(leukocyte)-selectin (CD82L). E-selectin has 
been reported to bind to SLe" (or related sialylated, 
fucosylated structures) expressed on PS GL-1, L-se- 
lectin, CD66, CD11/CD18, end a 150-kD glycoprotein 
on murine leukocytes. L-selectin binds to an as yet 
unidentified cytoklne-lnduced counter-structure on 
nonlymphoid endothelium; to sialylated, fucosy- 
lated, and sulfated carbohydrate structures ex- 
pressed on murine grycosylatfon-dapendent cell ad- 
hesion molecule-1 (GlyCAM-1); to CD34 on high 
endothelial venules in murine peripheral lymphoid 
tissue; end to the murine mucosal lymphoid ad- 
dressing MAdCAM-1. (B) Interactions between leuko- 
cyte integrin receptors and Uganda on the endothe- 
lial cells that are members of the Ig-like superfamily 
include: aJ3 t (C011a/CD18; LFA-1) with the first Ig 
domain of intercellular adhesion molecule-1 (ICAM- 
1; CD54) or the first domain of ICAM-2 (CD 102); a^fii 
(CD11b/CD18; Mac-1, Mo-1, CR3) wfth the third Ig 
domain of ICAM-1 and with another as yet unidenti- 
fied structure(s); (CDIIc/CDlB; pi 50/95) wfth 
an as-yet-unldentified ligand(a); a*p x (C049d/CD29; 
VLA-4) wfth the first or fourth Ig domain of vascular 
cell adhesion molecule-1 (VCAM-1, INCAM-110; 
CD106); and a^fii with mucosal addressln cell adhe- 
sion molecule-1 (MAdCAM-1 ) expressed on high en- 
dothelial venules in murine mucosal lymphoid tis- 
sue. (C) Other adhesion pathways, apart from 
intagrln -Ig-like and selectln-carbohydrate interac- 
tions, have been proposed. Fibrinogen may promote 
adhesion by bridging between oW3i (CD11b/CD18) 
and ICAM-1 In vitro. The Integrin recsptor ctupt as 
the type 3 complement receptor (CR3) binds to iC3b 
fixed to endothelial cells in vitro and in vivo. The 
integrin receptor (CD49d/CD29; VLA-4) recog- 
nizes the CS-1 region of fibronectln expressed on 
the lumenal surface of endothelium in vivo. Platelet- 
endothelial edhesion molecule-1 (PECAM-1; CD31), a 
member of the Ig-like superfamily. Is expressed on 
both leukocytes and endothelial cells and mediates 
transendotheflal migration In vitro and in vfvo. Vas- 
cular adhesion protein- 1 (VAP-1) expressed on hu- 
man synovial endothelium promotes binding of lym- 
phocytes ex vivo. 
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dermal growth factor (EGF)-like region, a variable number 
of consensus repeats of sequences similar to those appearing 
in complement-regulatory proteins, a membrane-spanning 
region, and a short cytoplasmic region. * The selectins share 
an overall identity of 40% to 60% at the nucleotide and 
protein levels whereas the lectin and EGF domains are 60% 
to 70% homologous. 37 The genes for the selectin family are 
closely linked on chromosome i (q2 1-24). 3839 Genes for 
other complement-binding proteins (C4 binding protein and 
decay accelerating factor) and factor V are also located in 
this region in both humans and mice, suggesting that the 
selectin family may have arisen by gene duplication. 311 

E-selectin 

E-selectin (CD62E) was initially described as a 115-kD 
antigen that was induced on cultured human umbilical vein 
endothelium after stimulation by interleukin- 1 (IL-1) and 
that was involved in the adhesion of neutrophils and several 
leukemic cell lines. 40 The subsequent molecular cloning of 
E-selectin showed the C-type lectinlike binding domain, the 
EGF-like domain, and six complement-regulatory protein 
regions. 41 * 43 Translation of E-selectin yields a core protein 
of 64 kD with 11 potential N-glycosylation sites. The 32- 
amino acid cytoplasmic domain contains tyrosine residues 
that have been suggested to mediate the internalization of 
other transmembrane proteins, 44 and may account for the 
short half-life of E-selectin at the cell surface. 45 Murine 46 * 47 
and rabbit 48 E-selectin have been molecularly cloned, and 
show a high degree (>70%) of homology with human E- 
selectin. 

Mapping of E-selectin domains by MoAbs has shown that 
the NH 2 -terminal nine amino acids of the lectin domain and 
an epitope within the EGF-like region are important for li- 
gand binding. 49 * 50 Computer modeling and generation of site- 
specific mutants of the lectin domain of human E-selectin 
showed that three positively charged amino acids (arginine 
97, lysine 111, and lysine 113) are critical for ligand bind- 
ing. 50 Lysines in positions 111 and 113 have been conserved 
in all selectins. 51 Additional evidence indicates that a region 
within the consensus repeats of E- and L-selectin may also 
be important in ligand binding. 52 

P-selectin 

P-selectin (CD62P) is an adhesion protein that was 
initially characterized in platelets where it was termed 
PADGEM (platelet activation-dependent granule-external 
membrane protein) 53 or GMP-140 (granule membrane pro- 
tein- 140). 54 Subsequently, P-selectin was shown to be pres- 
ent also in endothelial cells. 55 - 56 In both cell types P-selectin 
is synthesized and stored in cytoplasmic granules; in platelets 
P-selectin is contained in a-granules, 57 - 58 whereas in endothe- 
lial cells it is found in Wiebel-Palade bodies. 55 * 56 With appro- 
priate activation P-selectin is mobilized to the external 
plasma membrane. 

The cloning of P-selectin showed an organization of do- 
mains common to selectins, but with nine consensus repeats 
of the complement-regulatory protein regions. 59 The core 
protein has a predicted molecular weight of 86 kD. There 



are 12 potential N-linked glycosylation sites which, if fully 
used, would yield a protein of 122 kD. Prior characterization 
of P-selectin has shown that there are no O-linked sugars in 
the mature protein. 60 There are 65 cysteine residues (8% of 
the total amino acid content) that are involved in organizing 
disulfide bridges. A 35-residue cytoplasmic tail contains ser- 
ine, tyrosine, and threonine residues as sites of phosphoryla- 
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Two variant forms of P-selectin that arise by alternative 
splicing of mRNA have been described. 63 In one variant 
there is deletion of the seventh consensus repeat, whereas 
in the other variant the transmembrane region is deleted. 
Hydrophobicily plots of the latter suggest that this variant 
would be a soluble protein. Consistent with this possibility, 
soluble P-selectin has been detected in the plasma of normal 
individuals (0.15 to 0.30 ^xg/mL). However, it has not been 
shown that this is the secreted form rather than protein shed 
from platelets or endothelial cells. At this concentration in 
plasma, 20% to 40% of the binding sites for P-selectin on 
neutrophils would be saturated, raising the possibility that 
soluble plasma P-selectin may modulate leukocyte adhesion 
to P-selectin expressed on endothelium. 25 ' 64 

Murine 47,65 and bovine 66 P-selectin have been cloned. 
There is greater than 80% homology between these species 
and human P-selectin lectin, EGF, transmembrane, and cyto- 
plasmic domains. Murine P-selectin contains eight whereas 
bovine P-selectin contains six consensus repeats that are 
~70% homologous to human P-selectin. 

Computer modeling and generation of site-specific mu- 
tants of the lectin domain of human P-selectin have indicated 
that two residues (tyrosine 48 and lysine 111) are critical 
for ligand binding. 67,68 Two other amino acids (tyrosine 94 68 
and lysine 1 13 67 ) may also be important for function. 

L-selectin 

Although both E- and P-selectin are expressed by endothe- 
lial cells, L-selectin (CD62L) is found only on leukocytes. 
L-selectin is the human homologue of the murine peripheral 
lymph node homing receptor that was originally identified 
by the MoAb MEL- 14. 3 Although originally described as a 
lymphocyte homing receptor, it was subsequently shown to 
be expressed on most other peripheral blood leukocytes, and 
is involved in leukocyte traffic in the systemic microcircula- 
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tion. 

The cloning of human L-selectin demonstrated that it 
shares the organization of extracellular domains found in P- 
and E-selectins. 70 " 73 L-selectin has two consensus repeats of 
the complement-regulatory protein domains. The sequence 
of human L-selectin encodes a core protein of 37 kD that 
has eight possible sites for N-linked glycosylation. There are 
no serine- or thrconine-rich regions, which agrees with the 
lack of O-linked sugars. 72 The molecular weight of L-selectin 
differs among lymphocytes (—75 kD), neutrophils (—95 to 
105 kD), and monocytes (—110 kD). This variability is 
thought to result from differences in posttranslational glyco- 
sylation among these subsets of leukocytes. L-selectin has 
22 cysteine residues, 1 9 of which are in the consensus repeat 
and EGF domains, suggesting a role for disulfide bond for- 
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mation in providing proper spatial conformation for the lec- 
tin region that is the proposed site of ligand binding. 

Murine, 74 * 75 rat, 76 and bovine 77 L-selectins have also been 
molecularly cloned. There is approximately 80% homology 
between human L-selectin and these other species with the 
highest degree of conservation in the lectin, EGF, transmem- 
brane, and cytoplasmic regions. 

Mapping of L-selectin domains by MoAbs has determined 
that the NH 2 -terminal nine amino acids are critical for ligand 
binding. 78,79 Maintenance of spatial conformation by the EGF 
and consensus repeat units of L-selectin is also important 
for ligand binding because MoAbs that interact with these 
domains affected binding in the lectin domain. 52 * 80,81 

One group has reported that two forms of human L-selec- 
tin are generated by alternative splicing. 71 One form retains 
a transmembrane region, whereas a second form is attached 
to the cellular membrane by a phosphotidylinositol linkage. 

There is abundant evidence that L-selectin is shed with 
activation of leukocytes 82 ' 85 with the loss of L-selectin be- 
cause of proteolytic cleavage near the membrane inser- 
tion. 82,85 Soluble circulating L-selectin was measured in the 
plasma of normal individuals (normal plasma level =1.6 
/ig/mL), and this concentration of soluble L-selectin was able 
to partially inhibit leukocyte adhesion to cytokine-stimulated 
endothelium. 86 Thus, circulating L-selectin, like soluble cir- 
culating P-selectin, may modulate leukocyte adhesion to en- 
dothelium during inflammation. 25 

COUNTER-STRUCTURES FOR SELECTINS 

As noted previously, L-selectin was initially characterized 
as the murine homing receptor that mediated lymphocyte 
binding to HEV in peripheral lymph nodes. 3 Using the 
Stamper- Woodruff assay of leukocyte binding to HEVs of 
frozen sections of lymphoid tissue, it was shown that lym- 
phocyte binding was observed at 4°C, was sensitive to sialy- 
dase treatment of the HEV, and was inhibited by phosphory- 
lated oligosaccharides. 87 These characteristics suggested that 
the counter-structure in HEV recognized by this homing 
receptor was a carbohydrate moiety. 87 This proposal was 
validated by the molecular cloning of L-selectin that showed 
an NH 2 -terminal C-type lectin domain. 70 " 77 The presence of 
lectinlike domains in E- and P-selectin suggested that leuko- 
cyte binding to these receptors would also involve recogni- 
tion of carbohydrates. In the past several years multiple stud- 
ies have examined the characteristics of carbohydrate ligands 
for the three selectin receptors. Additionally, several proteins 
have been shown to participate in selectin binding (Fig 1A). 

Carbohydrate Ligands 

The carbohydrate determinants recognized by the selectins 
have recently been reviewed in detail 3637,88 and will be con- 
sidered here only briefly. 

E-selectin. In 1990 and 1991 several groups identified the 
fucosylated tetrasaccharide, sialyl Lewis X (SLe x : NeuAc, 
*2,3Gal/?l,4(Fuc al,3)GlcNAc) (CD15s) or closely related 
structures, as a ligand for E-selectin. 8 ** 3 Both the sialic acid 
and the fucose linkages were shown to be critical for efficient 
binding. 94 * 96 Sialyl Lewis X and other fucosylated lactos- 



amines are heavily expressed on neutrophils and mono- 
cytes 91,97 and are also found on natural killer (NK) cells. 98,99 
Peripheral blood T and B lymphocytes do not normally ex- 
press SLe\ but do when activated ex vivo. 100 A subset of 
skin-homing lymphocytes expresses the cutaneous lympho- 
cyte antigen (CLA) recognized by the HECA-452 MoAb, 101,102 
and these cells bind to E-selectin. 32101 The CLA-positive cells 
do not express SLe\ but exhibit the Lewis X antigen (Le*) 
after treatment with neuraminidase. 101 Thus, the CLA antigen 
appears to be a sialylated, fucosylated structure closely related 
to SLe\ 

E-selectin also recognizes an isomer of SLe\ sialyl Lewis 
A (SLe a : NeuNAcaa.SGal^l.SCFucal^KJlcNAc). 94,95 ' 02 
The HECA 452 MoAb recognizing CLA binds to SLe" as 
well as SLe*. 102 Because SLe* is expressed on some tumor 
cells but is not usually found on leukocytes, this interaction 
is more relevant to tumor metastases than to leukocyte traf- 
ficking. 36 

P-selectin, Initial studies showed that P-selectin recog- 
nized the Lewis X (Le x ) trisaccharide (CD 15), Gal/3 1 ,4(Fu- 
cal,3)GlcNAc, 103 although subsequently the sialylated tetra- 
saccharide, SLe\ was shown to be a higher affinity li- 
gand. 104 " 107 Like E-selectin, P-selectin also binds to SLe 1 . 104 
However, both SLe* and SLe* fail to compete for binding to 
activated platelets, suggesting that P-selectin may use other 
structural modifications. 104 In this regard, P-selectin was also 
demonstrated to bind to sulfated glycolipids 104,108 " 110 and cer- 
tain sulfated polysaccharides such as heparin." 1 

The physiologic importance of fucose in carbohydrate li- 
gands for E- and P-selectin was shown recently by studies in 
two patients with an inherited defect in neutrophil adhesion 
resulting from a generalized abnormality in fucose metabo- 
lism. 112 Because the patients exhibited neutrophilia and re- 
current infections such as the classic leukocyte adhesion 
deficiency (LAD) syndrome, 113 but had normal levels of 0 2 
integrins, the syndrome was designated LAD type II. In the 
initial report it was shown that neutrophils from both LAD 
type II patients did not express SLe* and failed to bind to 
E-selectin or cytokine-activated endothelium. Subsequent 
studies showed that neutrophils from an LAD type II patient 
did not bind to recombinant E-selectin, to purified P-selectin, 
or to P-selectin expressed on histamine-activated human um- 
bilical vein endothelial cells (M.L. Phillips, B. Schwartz, 
A. Etzioni, R. Bryer, H. Ochs, J.C. Paulson, J.M. Harlan, 
manuscript submitted). From these investigations it is clear 
that SLe* or other fucose-containing carbohydrate structures 
are critical for neutrophil binding to E- and P-selectin. Con- 
sequendy, selectin interactions with potential protein, sul- 
fated glycolipid, or polysaccharide ligands alone are not suf- 
ficient for neutrophil adherence under static assay conditions. 

L-selectin. L-selectin is involved in leukocyte adherence 
to nonlymphoid micro vasculature as well as to PNAd HEV. 69 
Like E- and P-selectin, murine L-selectin has been shown 
to bind to SLe* (and SLe*). 94,,07,,M Although MoAbs to SLe* 
react minimally with nonlymphoid endothelium in vivo or 
in vitro, an SLe x antigen was recently found to be expressed 
on human HEV, suggesting that it may serve as a ligand for 
L-selectin. 97,1 15 In the murine system, L-selectin ligands in 
HEV are sialylated and fucosylated like SLe\ but are also 
sulfated. 116 
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L-selectin and P-selectin (but not E-selectin) also recog- 
nize sulfatides' 04 ' KMMn 1 16 "" 8 and sul fated-poly saccharides 
such as fucoidan and heparin. 104 "' Recently, heparinlike li- 
gands for L-selectin were identified in cultured nonlymphoid 
endothelial cells, and these structures are candidates for L- 
selectin ligands in the systemic microvasculature. 119 

Protein Ligands 

Although lectin-carbohydrate binding is critical to selec- 
tin-mediated adhesion, certain proteins may also participate 
in the adhesive interaction. Many lectin-carbohydrate inter- 
actions, probably including selectin binding to various li- 
gands in vitro, are of low affinity. 36 Appropriate presentation 
of specific carbohydrate moieties to lectin domains by mem- 
brane protein components may contribute to higher affinity 
binding of selectins to cellular ligands." 

E-selectin. Several leukocyte surface structures modi- 
fied by SLe", Le\ or related structures have been reported 
to bind to E-selectin, including L-selectin,' a0J 21 CD66,' 22 and 
02 integrins. 123 Other studies have characterized the human 
myeloid ligand of E-selectin to be resistant to a variety of 
proteases 124 and to O-glycoprotease. 123126 

Using an E-selectin -IgG chimeric protein as a probe, a 
protein ligand with a molecular weight of 150 kD reduced 
and 130 kD nonreduced was recently identified on murine 
neutrophils and the HL60 leukemic cell line. 127128 E-selectin 
binding to this glycoprotein was calcium-dependent and sen- 
sitive to neuraminidase pretreatment of the cell lysate, char- 
acteristics of E-selectin-dependent leukocyte adhesion. 127 
Interestingly, adhesion to E-selectin also was reduced by 
pretreatment of leukocytes with N-glycosidase, but not O- 
sialoglycosidase. 128 

P-selectin. In contrast to E-selectin, P-selectin -depen- 
dent adhesion was shown to be abolished by pretreatment 
of human myeloid cells with various proteases.' 24 Pretreat- 
ment of neutrophils with an O-glycoprotease that selectively 
removes proteins that are heavily glycosylated also inhibited 
neutrophil binding to P-selectin. 123 - 126 ' 129 Interestingly, the O- 
glycoprotease did not dramatically alter surface SLe x expres- 
sion. Furthermore, only a small portion of the SLe*-positive 
material bound to a P-selectin affinity column.' 29 These ob- 
servations suggest that the high-affinity ligand for P-selectin 
is only a minor component of SLe*-modified glycoproteins 
on the neutrophil surface. 129 

These results strongly implicate a specific glycoprotein 
ligand for P-selectin. Neutrophil L-selectin -bearing SLe x 
has been reported to bind to P-selectin as well as to E- 
selectin. 120 However, candidate high-affinity glycoprotein li- 
gands for P-selectin, distinct from L-selectin, have been de- 
scribed. 128 "'* 2 Affinity purification of neutrophil membrane 
extracts with P-selectin showed a glycoprotein of molecular 
weight 240 kD nonreduced and 1 20 kD reduced, suggesting 
that it may be a disulfide-linked heterodimer. Binding of P- 
se lectin to this glycoprotein was calcium-dependent, and was 
specifically inhibited by a blocking anti- P-selectin MoAb. 131 

One P-selectin ligand, a mucinlike protein designated P- 
selectin glycoprotein ligand (PSGL-1), was recently molecu- 
larly cloned. 132 After cotransfection of both a specific fuco- 
syltransferase and a cDNA library from HL60 cells, a 220- 
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kD glycoprotein was expressed in COS cells that conferred 
adhesion to P-selectin (and, interestingly, E-selectin as well) 
that was abolished by EDTA or by inhibitory selectin-spe- 
cific MoAbs. Analysis of cell lysates by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
demonstrated that this protein migrated as a single band of 
110 kD after reduction, suggesting that it is a disulfide- 
linked dimer. Whether PSGL-1 is the dimeric glycoprotein 
identified in earlier studies 129 " 131 awaits further studies. 

Another P-selectin -specific leukocyte ligand was recently 
identified. 128 A glycoprotein (160 kD nonreduced, 80 kD 
reduced) was found on mouse neutrophils and HL60 cells 
that mediated adhesion to P-selectin but not E-selectin. This 
binding was sensitive to EDTA and sialidase pretreatment 
of leukocytes. Adhesion to P-selectin was abolished by pre- 
incubation of leukocyte with either N-glycosidase and O- 
sialoglycosidase. In contrast, the 150-kD E-selectin ligand 
was resistant to the latter enzyme. 

Additional glycoprotein ligands (230 kD and 130 kD) 
were identified that mediate adhesion to both E- and P- 
selectin and that are sensitive to O-sialoglycosidase but not 
N-glycosidase. 128 

L-selectin. Using an L-selectin -IgG chimeric protein to 
precipitate 35 S -labeled proteins from murine peripheral 
lymph node organ culture, two glycoproteins, a predominant 
one of 50 kD and a minor one of 90 kD, were identified. 133 
Sequence data derived from the lower molecular weight sul- 
fated glycoprotein (sgp 30 ) were used to develop probes to 
screen a murine lymph node cDNA library. 133 A cDNA was 
cloned predicting a mature protein of 1 32 amino acids with 
a core protein molecular weight of 14 kD. This protein was 
shown to contain 29% of its amino acids as either serine or 
threonine that are clustered in two regions in which ~*50% 
of the core protein structure is composed of these amino 
acids. Because there is only one possible site for N-l inked 
glycosylation and because the molecular weight of the ma- 
ture protein is ~50 kD, 70% of the mass is apparently caused 
by O-linked glycosylation. The sequence of this L-selectin 
ligand is similar to other heavily glycosylated proteins such 
as CD34 and MUC-1, 134 and these sialomucins have been 
proposed as a new family of adhesion proteins' 35 (vide infra). 
The regions of O-linked glycosylation are thought to provide 
a scaffold for the presentation of the polyvalent carbohy- 
drates that have been demonstrated to be involved in ligand 
binding. Because of its dependence on glycosylation, the 50 
kD L-selectin ligand was designated GlyCAM-1 (glycosyla- 
tion-dependent cell adhesion molecule- 1). Interestingly, the 
structure of GlyCAM-I does not contain a transmembrane 
region; hence, the mechanism by which GIyCAM-1 attaches 
to the cell surface is unclear. Indeed, it may function primar- 
ily as a circulating soluble protein.' 36 

Recently, the cloning of rat GlyCAM-I was reported. 137 
The rat protein was highly homologous to murine GlyCAM- 
1 with -^-70% of the residues being identical. Rat GlyCAM- 
1 contains the serine/threonine-rich clusters that are ~68% 
and —48% homologous to the murine sequence. 

Additional studies have identified sgp 90 as the sialomucin, 
CD34, that is expressed on hematopoietic progenitors and 
endothelium. 138 Partial amino acid sequencing of sgp 90 
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showed a protein core identical to murine CD34. Moreover, 
a rabbit polyclonal antibody to recombinant murine CD34 
was shown to react with HEV of peripheral lymph nodes 
and with sgp 90 on analysis by immunoprecipitation. Thus, 
CD34 is a PNAd. 

ENDOTHELIAL Ig-LIKE PROTEINS 

The Ig gene superfamily consists of cell-surface proteins 
that are involved in antigen recognition (CI -type) or comple- 
ment-binding or cellular adhesion (C2-type). Common fea- 
tures of C2-type proteins include a variable number of extra- 
cellular Ig-like domains with conserved cysteine sequences 
that form disulfide bonds to stabilize /?-sheets of the tertiary 
structure. 139 Members of the C2-type Ig gene superfamily 
include CD2, CD58 (LFA-3), and CD56 (NCAM). Five 
members of this family expressed by endothelial cells are 
involved in leukocyte adhesion: intercellular adhesion mole- 
cule-1 (ICAM-1; CD54), ICAM-2 (CD102), vascular cell 
adhesion molecule- 1 (VCAM-1; CD 106), platelet-endothe- 
lial cell adhesion molecule- 1 (PEC AM- 1; CD31), and the 
mucosal addressin (MAdCAM-1) (Fig IB). 

ICAM-1 

Human ICAM-1 is a single-copy gene located on chromo- 
some 19. 140 Molecular cloning showed that ICAM-1 has a 
core protein of 55 kD with five extracellular Ig-like do- 
mains. 141142 Amino acid substitutions in the extracellular do- 
mains have indicated that the primary binding site for leuko- 
cyte CD 11 a/CD 18 (LFA-1) is located in the NH 2 -terrninal 
first domain of ICAM-1. 143 Initial electron microscopy of 
soluble ICAM-1 suggested a hinge between the second and 
third domains of the extracellular region 143 ; however, a re- 
cent report has shown that the hinge in ICAM-1 occurs 
between the third and fourth Ig-like domains. 144 The location 
of this hinge may be germane for leukocyte adhesion to 
endothelium, because a second ligand-binding site for a leu- 
kocyte integrin (CD1 lb/CD 18, Mac-1) was localized to the 
third Ig-like domain. 145 

Leukocyte adhesion to the second ligand-binding site of 
ICAM-1 also is affected by the degree of glycosylation of 
ICAM-1. 145 There are eight possible sites for N-linked glyco- 
sylation in the five Ig-like extracellular domains of ICAM- 
1. ICAM-1 is expressed on leukocytes, fibroblasts, epithelial 
cells, as well as endothelial cells. The molecular weights of 
ICAM-1 extracted from these tissues varied between 76 and 
114 kD, suggesting that there is variable posttranslational 
modification of ICAM-l. 146 " 148 Affinity of leukocytes for the 
binding site within the third Ig-like region of ICAM-1 was 
found to increase as the degree of glycosylation decreased. 145 
This observation suggested that selectivity of leukocyte ad- 
hesion via CD1 lb/CD 18 may be dictated in part by the 
posttranslational glycosylation of ICAM-1 at the tissue level. 

The cytoplasmic domain of ICAM-1 consists of a 28- 
residue, highly charged sequence rich in lysine and arginine 
residues. 141142 The cytoplasmic domain, or an 8-amino acid 
portion of the cytoplasmic region of ICAM- 1 (RQRKIKKR), 
has been shown to bind to the cytoskeleton of COS cells 
transfected with the cDNA of human ICAM-1 and to the 
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cytoskeleton of Epstein-Barr virus (EBV)-transformed B 
cells. 149 The binding of ICAM-1 to the cytoskeleton was 
found to occur through linkage with a-actinin, a cytoskeleton 
protein that may serve to anchor actin filaments to the cell 
membrane. 150 When expressed as a glycophosphotidylinosi- 
tol-linked membrane protein ICAM-1 was expressed dif- 
fusely on the cell surface. 149 Therefore, linkage with the 
cytoskeleton may localize ICAM-1 within regions of the 
endothelial cell membrane to facilitate leukocyte adherence 
and transmigration. 

Murine 151 and rat 152 ICAM-1 have been molecularly 
cloned, and both have five extracellular Ig-like domains like 
human ICAM- 1. However, in comparison with human 
ICAM-1, there is limited homology at the nucleotide (mouse 
= 65%, rat = 56%) or at the protein levels (mouse = 50%, 
rat = 51%) among these species. However, a partial cDNA 
sequence of canine ICAM-1 prepared by polymerase chain 
reaction (PCR) amplification of conserved sequences in do- 
mains 2 through 5 of human and murine ICAM-1 was 
slightly more homologous to human ICAM- 1 (nucleotide = 
74%, protein = 61%). 153 

Mice deficient in ICAM-1 have recently been produced 
by targeted-gene disruption, and studies in this model should 
provide important information on the specific contribution 
of this adhesion molecule to leukocyte recruitment during 
inflammatory and immune reactions. 154 

ICAM-2 

Intercellular adhesion moIecule-2 is another member of 
the Ig gene superfamily that is expressed on endothelium 
and is involved in leukocyte adherence. Human ICAM-2 is 
a single-copy gene located on chromosome 17. 153 Molecular 
cloning of ICAM-2 showed a core protein of 29 kD with 
six residues for possible N-linked glycosylation which, if 
fully used, would yield a mature protein of 46 kD. 136 ICAM- 
2 has only two extracellular Ig-like domains. However, these 
domains are 34% homologous to the two NH 2 -terminal Ig- 
like domains of ICAM-1. 136 The ligand-binding site for 
CD1 la/CD 18 (LFA-1) is located in these domains of ICAM- 
1; hence, ICAM-2 is a second endothelial ligand for this 
leukocyte integrin. 156 However, the observation that CD1 lb/ 
CD 18 (Mac-1) binds to the third Ig-like domain of ICAM- 
1 143 suggests that ICAM-2 does not serve as an endothelial 
ligand for this leukocyte integrin. 

Murine ICAM-2 has been molecularly cloned and shares 
—60% homology to human ICAM-2 at the protein level. 137 
However, the transmembrane and cytoplasmic regions of 
murine ICAM-2 are more highly conserved (75% protein 
homology). In contrast to human ICAM-2, murine ICAM-2 
has five potential residues for N-linked glycosylation. 

VCAM-1 

The third member of the Ig gene superfamily that serves 
as an endothelial adhesion molecule for leukocytes is VCAM- 
1. The initial molecular cloning of VCAM-l reported six 
extracellular Ig-like domains (6D VCAM-1). 158 However, 6D 
VCAM-1 arises due to alternative splicing of a seven-domain 
form of VCAM-1 (7D VCAM-1) that is the dominant form 
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expressed by cultured human endothelial cells. 159 "' 61 The 
VCAM-1 cDNA initially cloned lacked a domain (desig- 
nated domain 4) that is homologous to the NH 2 -terminal 
domain of VCAM-I. 158 Indeed, domains 1 through 3 are 
highly homologous to domains 4 through 6, suggesting that 
7D VCAM-1 arose by gene duplication. 160161 The cloning 
of 7D VCAM-1 predicted a core protein of ~8l kD with 
seven potential sites of N-Iinked glycosylation in 7D 
VCAM-l which, if fully used, would yield a mature protein 
of — 1 02 kD. This observation is in general agreement with 
immunoprecipitation studies that showed a surface protein 
of —1 10 kD on cytokine-activated endothelium. 1 62,1 63 

The additional domain in 7D VCAM-1 may have a func- 
tional role in leukocyte adhesion to endothelium. One ligand- 
binding site for leukocytes on both 6D and 7D VCAM-1 was 
shown to be located within the NH 2 -terminal first domain. 164 
Similar to the presence of two ligand-binding sites for leuko- 
cytes on ICAM-1 (CDlla/CD18/domain 1-2 and CD lib/ 
CD18/domain 3), leukocytes have also been shown to bind 
to domain 4 of 7D VCAM-I . 165 

Murine 166 and rat 166 ' 167 VCAM-1 have been molecularly 
cloned. In contrast to ICAM-1. VCAM-1 appears to have 
been highly conserved through evolution. Both rat and 
mouse VCAM-1 are highly homologous at the protein level 
to the 7D form of human VCAM-1 (77% and 76%, respec- 
tively). 166 

A glycosylphosphotidylinositol-linked form of murine 
VCAM-1, generated by alternative splicing of VCAM-1 
mRNA and able to support VLA -4 -dependent leukocyte 
adhesion after cleavage by phosphotidylinositol-specific 
phospholipase C, has been reported. 168 ' 170 Whether alterna- 
tive splicing of human VCAM- 1 occurs remains to be deter- 
mined. 

MAdCAM-1 

The most recent member of endothelial adhesion proteins 
in the Ig gene superfamily to be molecularly cloned is the 
mucosal addressin, MAdCAM-1.' 71 MAdCAM-1 was ini- 
tially characterized by MoAb MECA-367 as a 58- to 66-kD 
antigen that was present on high endothelial venules in mu- 
rine mucosal lymph nodes (eg, Peyers patches) and that was 
involved in lymphocyte emigration. 30172 Monoclonal and 
polyclonal antibodies against murine mucosal addressin 
were used to screen a cDNA library prepared from a tumor 
necrosis factor a (TNFa)-stimulated murine endothelioma 
cell line. 171 A novel protein was cloned that has structural 
homology to two other endothelial Ig-like proteins involved 
in leukocyte adhesion, ICAM-1 and VCAM-1. The NH 2 - 
terminal Ig domain of MAdCAM-1 is 30% homologous to 
the first Ig domain of rat ICAM-1 and human VCAM-1, 
whereas the second Ig domain has an equal degree of homol- 
ogy to the fifth Ig domain of VCAM-1. However, there are 
two novel aspects of MAdCAM-l. First, the third Ig-like 
domain of MAdCAM-1 is 30% homologous with another Ig 
involved in mucosal immunity, the Ca2 constant region of 
the Ig loop of human IgA|. Second, between the second and 
third Ig domains is a 37-amino acid region rich in serine 
and threonine. These two amino acids constitute 4 1 % of the 
structure of this region and are possible sites for O-linked 



glycosylation. A subset of MAdCAM-l isolated from mes- 
enteric lymph nodes was found to express the MECA-79 
carbohydrate antigen and to support I^selectin -dependent 
rolling. 35173 Thus, MAdCAM-l is unique in being able to 
bind both a A 0 7 integrin and L-selectin. 35,173 

PECAM-I 

Recent reports have suggested that another member of the 
endothelial Ig-superfamily, PECAM-1 (CD31), may have a 
role in leukocyte adhesion and, particularly, in transmigra- 
tion. CD31 is a widely distributed — 130 kD glycopro- 
tein found on endothelial cells, platelets and some leuko- 
cytes. 174 " 177 CD31 is constitutively expressed on endothelial 
cells, and surface expression of CD3 1 is not increased by 
treatment with TNFa, IL-1, or the combination of TNFa 
and interferon y (IFN7). 174 Greater than 95% of monocytes 
and neutrophils, but only ~50% of peripheral blood lympho- 
cytes, express CD31. 174,176 Among T lymphocyte subsets 
100% of naive and 50% of memory CD8 + T lymphocytes 
are CD31 \ but only 20% of CD4 + T cells and few memory 
CD4 + lymphocytes express CD31 + .' 78 

The cloning of CD31 showed six, C2-like extracellular 
Ig-like domains. 175 ' 77 The core protein has a molecular 
weight of — 80 kD with nine possible residues for N-linked 
glycosylation. 175 * 177 With a molecular weight of —130 kD 
for the mature protein, glycosylation may account for 40% 
of the mass of CD31.' 75 

Several observations suggested that CD31 might be in- 
volved in leukocyte adhesion. The molecular structure of 
CD31 is homologous to both carcinoembryonic antigen and 
ICAM-1, proteins that have been shown to be involved in 
homotypic and heterotypic cell adhesion, respectively. 145 * 146 ' 179 
In contrast to ICAM- 1 that is expressed over the entire surface 
of resting endothelial cells, CD31 was found to be localized 
at intercellular junctions. 174 177 CD31 was shown to play a key 
role in homotypic adhesion of endothelial cells 177 as well as 
in the binding of platelets to myeloid cells. 180 

Because of the molecular similarity to FcyR, a role for 
CD31 in leukocyte activation was proposed.' 76 The binding 
of a CD31 MoAb increased CD8 + T-cell adhesion to fibro- 
nectin and VCAM-1, but not fibrinogen or collagen, consis- 
tent with activation of integrins containing a 4 subunits (eg, 
ajpi or ccJPt). 178 The binding of CD31 MoAbs to mono- 
cytes (but not neutrophils) induced a respiratory burst. 176 
Thus, in addition to a role for CD31 in adhesion, binding to 
CD3 1 may also transduce activating signals to leukocytes. 

Finally, treatment of leukocytes or endothelial cells with 
either soluble CD31 or blocking CD3I MoAbs was recently 
shown to prevent monocyte or neutrophil 18 1 but not lympho- 
cyte 182 transmigration in vitro (see "Transmigration"). 
Treatment of either the leukocytes or the endothelium sepa- 
rately was effective, suggesting that a homophilic adhesive 
interaction, ie, leukocyte CD3 1 binding to endothelial CD31 , 
was involved in neutrophil and monocyte transmigration. tK1 
Similarly, in vivo administration of blocking CD31 poly- 
clonal antibodies prevented the recruitment of neutrophils 
during acute peritoneal inflammation or skin allograft rejec- 
tion. 183 
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LEUKOCYTE INTEGRINS 

Integhns are transmembrane celJ surface proteins that bind 
to cytoskeletal proteins and communicate extracellular sig- 
nals. 14 Each integrin consists of a noncovalently linked, het- 
erodimeric a and 0 chains. To date, 8 known 0 chain sub- 
units and 12 of 15 reported a subunits have been molecularly 
cloned. 14184 Integrins have been arranged in subfamilies ac- 
cording to the 0 subunits and each 0 subunit may have from 
one to eight different a subunits associated with it. However, 
in recent years it has also become apparent that individual 
a subunits may be associated with several different 0 sub- 
units (eg, the a v chain of the classic vitronectin receptor 
(cr v /? 3 ) can also associate with 0 U 0 Sy 0 6 , and 0 S chains with 
changes in its ligand-binding capability. 14 Thus, as many as 
21 different integrin combinations have been reported. 184 

Integrin a chains have several common structural charac- 
teristics. 183 First, there are ~7 tandem repeats of ~60 amino 
acids that share homology with EF-hand structures of the 
calcium-binding proteins calmodulin and troponin. Three or 
four of these regions are thought to contribute to a divalent 
cation-binding domain. However, divalent cation specificity 
differs among the various a chains with ctd3 2 (CD1 la/CD18) 
and a-i0\ (very late activation antigen-2 [VLA-2]) requiring 
magnesium, whereas calcium is necessary for a 5 0 x (VLA- 
5) function. 186 Second, a region of ~ 180 amino acids similar 
to domains found in cartilage matrix protein, von Willebrand 
factor, and complement factor B is inserted between the 
divalent cation binding tandem repeats in several integrins 
{a x 0 l and ar^i (VLA-1 and -2, respectively) and aJ3 2 > a^, 
and ax0 2 (CD1 ia or LFA-1, CD1 lb or Mac-1 and CD1 lc 
or pi 50,95, respectively). There are few cysteine-rich re- 
gions or sites for N-linked glycosylation is this area, sug- 
gesting that it may be important for ligand binding. 187 Several 
MoAbs that inhibited or activated 0 2 leukocyte integrin func- 
tion were shown to bind to this I (inserted) domain of their 
respective a chains. 188 189 Recently, a novel, divalent cation- 
binding site that is required for metal-dependent ligand bind- 
ing was identified within the A (I) domain of CDllb. 190 
Third, several a chains (cx 2 0u cts0u a eP\ (VLA-3, -5, and -6 
respectively), aub/?3, and a v 0 3 ) have a site in the extracellular 
region near the membrane insertion domain that is proteolyti- 
cally cleaved yet remains attached to the a chain by disulfide 
linkage. 191 The cytoplasmic domains of several a chains are 
constitutively phosphorylated. 184 A conserved sequence — 
KXGFFKR — in the cytoplasmic domain of the a -subunits 
has been shown to bind to calreticulin 192 and to be critical 
for the modulation of integrin avidity. 193 

Integrin 0 chains also have characteristic features. Tan- 
dem repeats of four cysteine-rich regions that are thought to 
be essential for tertiary structure are conserved among the 
various 0 chains. Approximately 100 amino acids from the 
NH 2 -terminus are additional conserved units that are critical 
for maintenance of the a/0 heterodimer. Disruption by point 
mutations in either of these regions leads to absence of ex- 
pression of the 02 leukocyte integrins (leukocyte adhesion 
deficiency type I). 194 The cytoplasmic domain of the /?- sub- 
unit, in concert with the or-subunit, is also necessary for 
avidity modulation. 



Within the integrin family of adhesion receptors only five 
members have so far been shown to be involved in leukocyte 
adhesion to endothelium: the 0 2 leukocyte integrins (CD1 la/ 
CD18, CDllb/CD18 and CDllc/CD18), 194 the 0^ integrin 
VLA-4 (a A 0 u CD49d/CD29),' 93 and (Fig IB). 

02 Integrins 

The 02 leukocyte integrins share a common 0 chain 
(CD 18) that has the typical structure described above. 194 
Three a subunits are noncovalently associated with CD18: 
CDlla (lymphocyte function-associated- 1 or LFA-1), 
CDllb (Mac-1, Mo-1) and CDllc (pl50.95). The CDil 
subunits contain an I domain but are not proteolytically 
cleaved. The expression of the 0 2 integrins is restricted to 
leukocytes, but among subtypes of leukocytes the distribu- 
tion of CD11/CD18 differs. Peripheral blood lymphocytes 
express primarily CD1 la/CD 18 whereas neutrophils, mono- 
cytes, and NK cells express all three 0 2 integrins. 185,194 Intra- 
cellular storage pools of CD1 lb/CDl 8 and CD1 lc/CDl 8 are 
present in neutrophils and monocytes whereas there is no 
storage pool of CD 1 la/CD 18. Surface expression of CD1 lb/ 
CD 1 8 and CD1 lc/CDl 8 is increased by a variety of agonists: 
calcium ionophore, phorbol esters, FMLP, GM-CSF, C5a, 
TNF-a, and LTB4. 196 Increased expression of CD1 lb/CD18 
also has been noted after neutrophil adhesion to E-selectin. 197 

Ligands for the 0 2 leukocyte integrins include proteins 
expressed by cells (ICAM-1 for CD 11 a/CD 18, CDllb/ 
CD18; ICAM-2 for CDlla/CD18; and ICAM-3 for CDlla/ 
CD18 198 ) as well as soluble proteins (fibrinogen and factor 
X for CD1 lb/CD18 and complement fragments for CD1 lb/ 
CD18 and CD1 lc/CDl 8). 195 ,94 Neutrophil and monocyte ad- 
hesion to endothelium relies primarily on the CD1 la/CD 18 
and CD1 lb/CD 18 leukocyte integrins with only a minor role 
for CDI1C/CD18. 199 - 205 Lymphocyte adhesion involves the 
interaction of CDlla/CD18 with the endothelial ligands 
ICAM-1 and ICAM-2. 206,207 

The significance of the 0 2 leukocyte integrins has been 
demonstrated by the LAD Type I syndrome. 113,183 In this 
autosomal recessive disorder there is partial or total absence 
of expression of the 0 2 leukocyte integrins on all leukocytes 
leading to a defect in the recruitment of neutrophils to sites of 
inflammation. 208 Although neutrophils are absent in inflamed 
tissues, other leukocytes (mononuclear leukocytes and eosin- 
ophils) are able to emigrate to sites of inflammation, 1 13,183 
presumably via VLA-4. 209 Absent or deficient 0 2 integrin 
expression results from heterogeneous mutations in the 0 
subunit that impairs synthesis or prevents association with 
the a chain. 185 194 A CD18-mutant mouse with 2% to 16% 
normal CD 18 expression was recently produced by gene 
targeting, 210 thus providing a model of partial deficiency for 
the study of inflammation. 

0i Integrins 

The 0 1 integrins share CD29 as their common 0 subunit. 21 1 
This widely distributed family of integrins contains a series 
of cellular receptors for extracellular matrix proteins includ- 
ing fibronectin, collagen, laminin, and vitronectin. One mem- 
ber of the 0 X integrins, a A 0 } (VLA-4, CD49d/CD29), has 
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been shown to be involved in lymphocyte, 195,2 122,6 mono- 
cyte^" eosinophil, 2 ' 9 * 221 basophil, 220 * 22 ' and NK cell 222 ad- 
hesion to cytokine-activated endothelial cells. Because neu- 
trophils do not express VLA-4* 211 they cannot use this 
pathway to adhere to stimulated endothelium. The unique 
absence of VLA-4 on neutrophils likely accounts for the 
phenotype of LAD type I syndrome, ie, defective neutrophil 
emigration and recurrent infections with intact mononuclear 
leukocyte traffic and cell -mediated immunity. 

The expression of a A 0\ is most prominent on cells of the 
hematopoietic system, being expressed only at low levels or 
absent on most adherent ceils. 2 " Among leukocytes there is 
differential expression of 0*0 v On resting B and T lympho- 
cytes <x*0\ U the taajat 0 ^ Lategriu expressed. Resting B celts 
also have small amounts of a 2 and a 3 on their cell surface, 
but do not express a u as, or ar 6 . The amount of au on the 
surface of B cells is twice the amount of 0 U suggesting that 
a second 0 subunit (probably /3? 223 ) is associated with a 4 on 
B ce))s. On resting T lymphocyte there is a)so expression of 
a 6 and a 5 , but no a, or a 2 unless T cells are activated. 21 ' 
The 0i subunit also is expressed on T cells because the 
association of marks a subset of memory T lymphocytes 
with trophism for the intestinal tract. 224,225 Monocytes ex- 
press a 2 , a 4 , a 5 , and ot 6y but little a, or a 3 2,1 226 

Ligands for a 4 /?i include VCAM-1,' 95 the extracellular 
matrix proteins fibronectin 227 " 230 and thrombospondin, 23 ' and 
the bacterial outer membrane protein invasin. 232 In contrast 
to as0u high-affinity binding of a A 0 t to fibronectin occurs 
7\ a noo-RDG s<eq\*er*c*. in toe. connecting wgmwrA-l (CS- 

1 ) of fibronectin. 227 ' 229 The HepU fragment of fibronectin has 
also been reported to contain a low-affinity binding site for 
a*/?!- 230 The tripeptide LDV is the minimal sequence within 
the CS- 1 region of fibronectin that is capable of supporting 
adherence of a^i. 233 

VCAM-1 expressed on cytokine-stimulated endothelial 
cells is a cellular ligand for a^i (vide supra). 195 Other endo- 
thelial cell ligands for a 4 0i have been proposed (vide in- 
fra). 213 Finally, because some c^ 234,235 or /Ji 236 MoAbs induce 
aggregation of lymphocyte cell lines, and because these cells 
do not express VCAM-1, another cellular ligand for gca0 x 
may also exist on leukocytes. 

07 Integrin 

• 

Initial reports showed that the murine mucosal homing 
receptors (LPAM-1 and -2) were the same as ot40i (LPAM- 

2) or closely related to a 4 0i (LPAM-1, a A 0 p ). Most recently, 
0-i was shown to be identical to 0 p J* 7 ' 2ys and MoAbs to a 4 
or 0 7 were shown to inhibit binding to purified MAdCAM- 
1 or MAdCAM-1 transfectants. 35 The integrin aj3-j can also 
bind to fibronectin and VCAM-1 (although requiring activa- 
tion), 22 * 239 * 240 but a 4 /?, cannot bind to MAdCAM-1 (even 
with activation). 35 Thus, ct40 7 is one of the mucosal hom- 
ing receptors that bind to the mucosal vascular address in 
MAdCAM- 1 . 

SIALOMUCINS 

With the recent molecular cloning of GlyCAM-1, 133 
MAdCAM- 1,' 71 and PSGL-1,' 32 and the identification of 
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CD34 as a ligand for L-selectin, l3B a fourth family of adhe- 
sion molecules, the sialomucins, has been proposed.' 35138 
The common structural elements of this family of adhesion 
molecules are regions rich in O-linked sugars that provide 
an extended structure for the exposure of multiple terminal 
sugars. In addition, one of these sialomucins — MAdCAM- 
1 — also contains Ig-like regions, thus providing a binding 
site for an integrin receptor. 35 *' 73 Therefore, the characteriza- 
tion of additional members of this family may identify mole- 
cules that subserve multiple adhesive functions. 

EVIDENCE FOR OTHER ADHESION PATHWAYS 

In addition to the defined integrin/Ig-like and selectin/ 
carbohydrate interactions described above, & number of otfcveg 
adhesion pathways have been described (Fig I, A through 

C). 

A Second CDllb/CD18 Ligand on Vascular Endothelium 

Tww reports ha*<e suggested that leukocyte CD I Ib/CD28 
(Mac- 1) binds to a second ligand on endothelial cells distinct 
from ICAM-1. 202,24 ' One study showed that the adhesion 
of phorbol dibutyrate-activated neutrophils to unstimulated 
endothelium was partially inhibited by pretreatment of neu- 
trophils with blocking CD 11a or CD1 lb MoAbs or by pre- 
treatment of endothelial cells with ICAM-1 MoAbs that 
inhibited CD1 la:ICAM-l -dependent adhesion. 202 The com- 
bination of the CD1 lb with either the CDlla or the ICAM- 
1 MoAbs totally inhibited the binding of activated neutro- 
phils to resting endotheftai cett, "whereas pietreatment with 
CD1 la and ICAM-1 MoAbs was no better than each MoAb 
alone. These results suggested that a separate endothelial 
ligand for CD1 lb/CD18 existed. 

A second study reported that activated endothelial cells 
adhered to plastic coated with purified CD1 lb and that this 
binding was totally inhibited by blocking CD1 lb MoAbs. 241 
A combination of blocking ICAM-1 MoAbs (RR1/1 and 
R6.5) only partially inhibited the adhesion of activated endo- 
thelial cells to purified CD1 lb. Pretreatment of FMLP-acti- 
vated neutrophils with the CD lib MoAb alone prevented 
73% of heterotypic conjugates formed with lipopolysaccha- 
ride (LPS)-stimulated endothelial cells whereas the combina- 
tion of CD1 lb and CD1 la MoAbs inhibited conjugate for- 
mation by 98%. The combination of ICAM-1 MoAbs again 
only partially inhibited aggregation (48%). The observation 
that the ICAM-1 MoAb R6.5, which was shown to prevent 
CD 1 1 b-dependent binding to the alternate binding domain 
(D3) on ICAM-1, was ineffective in totally preventing endo- 
thelial adhesion to purified CD1 lb or in blocking the binding 
of activated neutrophils to endothelium stimulated for 24 
hours with LPS (a time chosen to avoid E- selectin - depen- 
dent neutrophil adhesion), again indicated that there was 
another ligand for CD1 lb on endothelium. Most importantly, 
the observation that neutrophils still emigrate into inflamed 
peritoneum in ICAM-1— null mice also indicates the exis- 
tence of a second ligand. 154 

An Induced Endothelial Ligand for CDllc 

Endothelial cells stimulated for 24 hours with IL-1 or 
LPS, but not un activated endothelial cells, were shown to 
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bind to purified CD1 IC/CD18. 242 This adhesion was inhibited 
specifically by a blocking CDllc MoAb or by EDTA-in- 
duced chelation of divalent cations. Binding of activated 
endothelial cells to purified CDllc/CD18 required a higher 
density of soluble protein, suggesting that the affinity of this 
p 2 leukocyte iniegrin for its endothelial ligand may be low, 
or that leukocyte capping of CDllc/CD18 may be required 
for binding. 242 

An Alternate Endothelial Ligand for VLA-4 
(CD49aVCD29) 

Two studies have reported that the binding of lymphoid 
cell lines or peripheral blood lymphocytes to TNF-a- stimu- 
lated endothelial cells was more potently inhibited by CD49d 
than by VCAM-1 blocking MoAbs. 212 * 213 The CD49d-depen- 
dent, VCAM-1 -independent lymphocyte adhesion was re- 
ported to increase with time after TNF-a treatment of endo- 
thelium and the majority of adhesion 7 hours poststimulation 
was VCAM-1 -independent. 2 ' 3 The CS-1 fragment of fibro- 
nectin has been shown to function as an alternate pathway 
of VLA-4 binding to stimulated endothelium in vivo 243 (vide 
infra); however, coincubation of lymphocytes with a poly- 
clonal, antifibronectin antisera did not affect binding to TNF- 
a- activated endothelium in vitro. 213 

A Ligand on Nonlympkoid Endothelium for L-Selectin 

Although the PNAd is the original ligand described for 
L-selectin, the observation that a blocking L-selectin MoAb 
inhibited phagocyte emigration into nonlymphoid tissue 
showed that there are also counter-receptors on nonlymphoid 
endothelium for L-selectin. 69 * 24 * L-selectin was shown to be 
involved in the adhesion of neutrophils, lymphocytes, and 
monocytes to cytokine-activated endothelium in vitro. 243,246 
The induction of this ligand required de novo protein synthe- 
sis because cycloheximide prevented its expression. TNF-a, 
IL-1, and LPS were shown to induce this ligand whereas 
IL-4 and IFN-y were less effective. Increased leukocyte ad- 
hesion was observed within 2 to 4 hours of endothelial acti- 
vation and activity persisted for ~24 hours. An L-selectin - 
Ig fusion protein was shown to bind to activated, but not 
unstimulated, endothelium in vitro. 245 In another study using 
a similar probe to screen tissue samples, no reactivity with 
endothelium other than HEV in peripheral lymph nodes was 
observed, 247 indicating that this L-selectin ligand is not con- 
stitutively expressed by nonlymphoid endothelium in vivo. 

Although the L-selectin -Ig probe failed to identify a li- 
gand for L-selectin in normal rat tissues, a L-selectin— Ig 
affinity column was found to bind a heparin- or glycosamino- 
glycan-like substance from lysates of metabolically labeled 
calf pulmonary artery and human umbilical vein endothelial 
cells. 119 This substance was insensitive to sialidase and O- 
sialoglycosidases that affect PNAd activity, but was de- 
graded by heparinases or chondroitinases, indicating that the 
metabolic label was present in glycosaminoglycans. Interest- 
ingly, an intracellular storage form of this L-selectin ligand 
was detected when examining permeated endothelial cells 
in culture. Whether this intracellular structure(s) represents 
the inducible ligand remains to be determined. 



Finally, the sialomucin CD34 has recently been identified 
as a ligand for L-selectin in HEV. 1 38 CD34 is expressed on 
endothelium in diverse vascular beds, and, when appropri- 
ately glycosylated by endothelial activation, it could poten- 
tially serve as a ligand for L-selectin on nonlymphoid vascu- 
lature. 138 

VAP-1: A Novel, Synovial Adhesion Protein That Binds 
Lymphocytes 

Vascular adhesion protein- 1 (VAP-1) is a recently de- 
scribed 90-kD endothelial adhesion protein that was identi- 
fied by an MoAb (1B2) generated by immunizing mice with 
human synovium. 248 Immunocytochemistry studies using 
MoAb 1B2 showed that VAP-1 was expressed on mucosal, 
peripheral lymph node, and synovial HEV, but was absent 
on endothelium from large vessels. In contrast to E- and P- 
selectin, ICAM-1, ICAM-2, and VCAM-1, VAP-1 was not 
expressed on unstimulated or LPS- or cytokine-treated hu- 
man umbilical vein endothelium. Partial amino acid se- 
quence of V AP- 1 also indicated that it is a novel adhesion 
molecule. MoAb 1B2 inhibited the adhesion of lymphocytes 
to tonsil, peripheral lymph node, and synovial HEV as well 
as the binding of peripheral blood lymphocytes to immunoaf- 
finity-purified VAP-1, thereby confirming VAP-1 as an en- 
dothelial adhesion molecule for lymphocytes. Whether VAP- 
1 is the proposed synovial vascular addressin has yet to be 
established. 31 

L-VAP-2 

An additional putative endothelial adhesion molecule for 
lymphocytes that is expressed on venules in lymphoid and 
nonlymphoid tissues has been identified. 249 This 70-kD pro- 
tein, designated lymphocyte- vascular adhesion protein-2 (L- 
VAP-2), is constitutively expressed on human umbilical vein 
endothelial cells, and its expression is not upregulated by 
cytokines. L-VAP-2 is also expressed on B lymphocytes 
and CD8 + T cells. A MoAb to L-VAP-2 partially reduced 
lymphocyte adhesion to cultured endothelial cells. By molec- 
ular weight and tissue distribution, it is proposed that L- 
VAP-2 is a novel adhesion molecule involved in lymphocyte 
adherence to endothelium. 

CD14: A Monocyte-Specific Adhesion Pathway? 

Several MoAbs directed to CD14 were reported to inhibit 
binding of monocytes, but not neutrophils, to cytokine-acti- 
vated human endothelial cells in vitro. 250 CD 14 is a glycosyl- 
phosphotidylinositol lipid-anchored surface protein that is 
highly expressed on monocytes, and, to a much lesser extent, 
on neutrophils. It functions as a receptor for LPS complexed 
with LPS-binding protein, an acute-phase protein. 231 The na- 
ture of the induced endothelial counter-structure for CD 14 
is unknown. Interestingly, cross-linking of monocyte CD 14 
by MoAbs has been shown to activate CD1 l/CD18-depen- 
dent adherence, 232 raising the possibility that binding of 
monocyte CD 14 by its endothelial ligand may trigger subse- 
quent 0z integrin-mediated adherence. 
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CD18-Independent Neutrophil Emigration 

In studies in a rabbit model, a CD 18 MoAb was observed 
to inhibit completely neutrophil emigration in response to 
multiple inflammatory stimuli in the abdominal wall of rab- 
bits, but failed to inhibit emigration after instillation of cer- 
tain stimuli in the lung. 2 " These studies demonstrating a 
CD18-independent pathway of neutrophil emigration in the 
rabbit lung were supported by the finding of extravasated 
neutrophils at foci of bronchopneumonia in a patient with 
severe LAD type I syndrome, although no neutrophils were 
present at sites of infection elsewhere in the body. 254 Subse- 
quently, it was shown that the CD18-independent neutrophil 
emigration could also be induced in rabbit peritoneum in 
response to certain stimuli, if mononuclear phagocytes had 
previously been recruited to the peritoneum. 255 These results 
suggest that a product of mononuclear phagocytes may be 
responsible for the induction of the CD18-independent path- 
way of neutrophil emigration. The adhesion molecules in- 
volved in 02 integrin-independent neutrophil emigration 
have not been identified. 

iC3b 

CD1 lb/CD 18 was initially identified as a receptor for 
iC3b and was defined as CR3. ,W CD 1 lb/CD 18-dependent 
neutrophil adhesion to endothelium was shown to be rapidly 
induced by fixation of complement on the endothelial surface 
in vivo. 256 Similarly, neutrophil adhesion to xenogenic endo- 
thelium in vitro was shown to be mediated by CD1 lb/CD 18 
binding to iC3b deposited on endothelium after activation 
of complement by naturally occurring antibodies against en- 
dothelial cells. 257 These pathways of adhesion may be partic- 
ularly relevant to phagocyte-mediated vascular injury in vas- 
culites as well as in acute xenograft rejection. 

Fibrinogen 

Fibrinogen is a soluble ligand for CD 1 lb/CD 18. 258259 Re- 
cently, fibrinogen was shown to promote leukocyte adher- 
ence to endothelium by binding both leukocytes and endo- 
thelial cells. 260 Purified fibrinogen or plasma fibrinogen 
increased leukocyte adherence by binding to CD i lb/CD 18 
on the leukocyte and ICAM-1 on the endothelial cell. The 
physiologic relevance of this novel 1 'bridging' * mechanism 
remains to be determined. 

CS-1 

As discussed previously, the 0i integrin VLA-4 recognizes 
the extracellular matrix protein fibronectin as well as 
VCAM-1. A major binding site for VLA-4 in fibronectin is 
found within the CS-1 segment, a 25-amino acid sequence 
present within the alternatively spliced III CS region. Analy- 
sis of rheumatoid synovium showed that CS- 1 -containing 
fibronectin isoforms were expressed exclusively on endothe- 
lium and in extracellular matrix. 243 Lumenal expression of 
CS-1 was confirmed by electron microscopy, and binding of 
T-lymphobiastoid cells to frozen sections of synovial tissues 
was inhibited by a blocking VLA-4 MoAb and CS-1 pep- 
tides. These studies show that CS-1 -containing fibronectin 




Fig 2. Regulation of leukocyte and endothelial adhesive interac- 
tions. Leukocyte adherence to endothelium la determined by qualita- 
tive and quantitative alterations in adhesion proteins. For leukocytes 
modulation of integrin avidity is most important. Endothelial adhe- 
sion proteins are regulated primarily by changes in surface expres- 
sion. 



may serve as an endothelial ligand for VLA-4 -expressing 
leukocytes. 

REGULATION OF ENDOTHELIAL ADHESION PROTEINS 

The regulation of endothelial and leukocyte adhesion mol- 
ecules involves both quantitative changes in surface expres- 
sion and qualitative changes in avidity (Fig 2). For the endo- 
thelial adhesion molecules quantitative alterations in surface 
expression predominate, although qualitative changes affect- 
ing adhesion have been reported.' 45 

Among the endothelial adhesion proteins there are both 
similarities and differences regarding the agents that induce 
them and the kinetics of their expression. For example, a 
triad of agents — IL-1, TNF-a, and LPS — stimulate the ex- 
pression of ICAM-1, VCAM-1, and E-selectin, but the kinet- 
ics of the induced surface expression in vitro differ with 
E-selectin having a shorter half-life than ICAM-1 or VCAM- 
I . Stimulated surface expression of ICAM-1, E-selectin, and 
VCAM-1 appears to result in large part from increased tran- 
scriptional regulation. However, surface expression of P- 
selectin may also involve a rapid mobilization of cytoplasmic 
granules induced by noncytokine agents, and surface expres- 
sion of E-selectin is in part regulated by rapid internalization. 
Therefore, important differences in regulatory mechanisms 
exist among these proteins that may help to explain the 
recruitment of subsets of leukocytes to specific sites of endo- 
thelium during an inflammatory or immune response. 

A detailed consideration of the signaling pathways, pro- 
moter elements, and transcriptional factors involved in regu- 
lation of endothelial adhesion protein gene expression is 
beyond the scope of this review. Instead we will focus on the 
modulation of surface expression by various inflammatory 
stimuli. 

ICAM-2 

ICAM-2 was found to be expressed constitutively on vas- 
cular endothelium both in vivo and in vitro, and was not 
subject to upregulation by cytokines (TNF-a, IL-1, or IFN- 
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y) or LPS. 1 561261 263 However, surface expression of ICAM- 
2 has been reported to be increased on HEV and small vessel 
endothelium in malignant versus nonmalignant lymph 
nodes, 264 suggesting that endothelial expression of ICAM-2 
may be inducible under some circumstances. 

P-selectin 

P-selectin is constitutively synthesized by endothelial cells 
and platelets, and is stored in Weibel-Palade bodies or a- 
granules, respectively. 55,56 With endothelial activation by 
thrombin, histamine, phorbol esters, calcium ionophores, or 
complement proteins, cytoplasmic storage granules fuse with 
the cell membrane externalizing their contents. 35,265 * 267 Initial 
reports showed that surface expression of P-selectin was 
rapid and transient, peaking by 10 minutes and returning to 
baseline within 20 to 30 minutes. 265 Rapid loss of surface P- 
selectin was believed to be secondary to internalization of 
the protein. 

However, recent studies have shown that surface expres- 
sion of P-selectin can last several hours. Stimulation of endo- 
thelial cells by thrombin 268 or oxygen radicals 269 led to P- 
selectin-dependent neutrophil adhesion lasting l.S to 4 
hours, respectively. Whether this effect to prolong surface 
expression of P-selectin is secondary to new protein synthe- 
sis or to decreased internalization of the protein was not 
determined. Endothelial P-selectin mRNA and protein were 
shown to decrease 2 and 24 hours, respectively, after endo- 
thelial activation by phorbol esters. 270 However, the mRNA 
of murine P-selectin was reported to be maximally increased 
4 hours after administration of LPS with highest levels being 
found in the liver, lung, kidney, and heart. 65 Similarly, treat- 
ment of a murine endothelioma cell line with TNF-a- in- 
duced maximal P-selectin mRNA and protein 2 hours and 3 
hours, respectively, after cytokine treatment. 47 Consistent 
with the murine studies, P-selectin was demonstrated to me- 
diate adhesion of neutrophils to LPS-stimulated human endo- 
thelium that had been pretreated for 4 hours. 271 Further stud- 
ies are needed to address the kinetics of human P-selectin 
synthesis after agonist-induced activation of endothelium. 

E-selectin, ICAM-h and VCAM-1 

In contrast to ICAM-2 and P-selectin, there is abundant 
evidence that E-selectin, ICAM-1, and VCAM-1 are tran- 
scriptionally regulated by cytokines, LPS, or other mediators 
of inflammation. Recent reports have shown that combina- 
tions of cytokines can differentially modulate the induction 
of these endothelial adhesion proteins. Furthermore, there 
appear to be differences between endothelium in large ves- 
sels versus the microcirculation in the ability to express these 
proteins. Again, all of these factors may contribute to the 
selective recruitment of subsets of leukocytes during an in- 
flammatory or immune response. 

Several agonists induce the de novo expression of E-selec- 
tin and VCAM-1 and the upregulation of ICAM-1, whereas 
other agents are specific for one protein. TNF-a, IL-1, LPS, 
and polyinosinic acid, which binds to the scavenger receptor 
for low-density lipoprotein (LDL), stimulate the expression 
all three endothelial adhesion proteins . 40 , 47 * 272 " 2SI Thrombin 



has also been reported to induce E-selectin, ICAM-1, and 
VCAM-1. 282 ' 284 In other studies phorbol esters induced E- 
selectin and upregulated ICAM-1, but were only weak in- 
ducers of VCAM-1 . 281,285 Hypoxia/reoxygenation, 286 the gen- 
eration of oxygen radicals, 287 * 288 and TNF-0 275 have been 
shown to induce the endothelial expression of ICAM-1 and 
E-selectin. Lysophosphatidylcholine treatment of endothe- 
lium derived from rabbit aorta or human iliac artery stimu- 
lated the expression of ICAM-1 and VCAM-1, but not E- 
selectin. 289 IFN-y stimulated the upregulation of endothelial 
expression of ICAM-1, but not E-selectin or VCAM-1, 
whereas neither IFNa nor TFN/3 were active in inducing 
any of the three endothelial adhesion proteins in vitro. 165,275 
Several reports have shown that IL-4 stimulated the expres- 
sion of VCAM-1 but not E-selectin or ICAM-1, 277 - 290 
whereas IL-3 induced the expression of E-selectin. 291 

From these observations there appear to be both common 
and specific pathways of induction of the endothelial adhe- 
sion proteins. Gram-negative sepsis, for example, may be 
associated with circulating endotoxin leading to the genera- 
tion of monokines (IL-1 and TNF-a) that could induce the 
expression of E-selectin, ICAM-1, VCAM-1, and P-selectin 
on vascular endothelium. However, certain chronic inflam- 
matory disorders may be associated with the generation of 
lymphokines (IFNy or IL-4) that would favor recruitment 
of mononuclear leukocytes because they do not induce major 
neutrophil Iigands, E- or P-selectin. Similarly, the generation 
of lysophosphatidylcholine during hyperlipidemia may in- 
duce endothelial Iigands ICAM-1 and VCAM-1 that would 
preferentially recruit mononuclear leukocytes to sites of ath- 
erogenesis. Thus, the various patterns of cytokines or in- 
flammatory mediators may lead to the differential induction 
of endothelial adhesions proteins. 

Differences in the kinetics of endothelial expression of E- 
selectin, VCAM-1, and ICAM-1 may also contribute to the 
selective recruitment of leukocyte subtypes to sites of in- 
flammation. In vitro the surface expression of E-selectin has 
been reported to peak 4 hours poststimulation with a return 
to basal levels of expression within 24 hours. 40,1 48 272,292 How- 
ever, studies in vivo have shown that E-selectin persists 
beyond 24 hours, 293,294 indicating that additional factors may 
determine the duration of E-selectin expression. Endothelial 
expression of VCAM-1 and ICAM-1 in vitro peaks by ~6 
hours and 12 hours, respectively, and both proteins persist 
for at least 72 hours after induction by TNF-a. ,4 * J63 - 276 " 279 

The induced expression of E-selectin, VCAM-1, and 
ICAM-1 is largely dependent on synthesis of new mRNA 
and protein because, in contrast to P-selectin, there are appar- 
ently no storage forms of these endothelial adhesion proteins. 
The de novo endothelial surface expression of E-selectin on 
cultured human endothelial cells requires the synthesis on 
new protein and mRNA because cycloheximide and acti- 
nomycin D were shown to inhibit the generation of E- 
selectin. 272 * 292 In pulse-chase experiments it was found that 
treatment of endothelial cells with IL- 1 or TNF-a induced 
E-selectin transcription within 1 hour. Maximal mRNA lev- 
els were attained within 2 to 4 hours with basal levels of 
expression occurring within 24 hours. 274,295 Other studies in- 
dicated that there is little, if any, VCAM-1 or ICAM-1 
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mRNA detected in unstimulated endothelial cells.' 58296 - 297 
TNF-a- induced VCAM-1 mRNA peaked 2 hours post- 
stimulation and persisted for at least 72 hours, 158 whereas 
TNF-a -induced ICAM-1 mRNA peaked at 2 hours and then 
rapidly decreased over the next 24 hours. 296 * 297 However, 
phorbol-ester- induced ICAM-1 mRNA was shown to peak 
later (4 hours) and to decline more slowly, 297 demonstrating 
that agonist-induced expression of ICAM-1 may involve sev- 
eral pathways. 

Reports using combinations of cytokines have provided 
further information regarding the regulation of E-selectin, 
ICAM-1, and VCAM-1 gene expression. Treatment of endo- 
thelial cells in vitro with the combination of IFNy plus TNF- 
a or LPS prolonged the surface expression of E-selectin, 
whereas the combination of IL-1 and IFNy had minimal 
effect. 298,299 IFNy increased early E-selectin mRNA accumu- 
lation induced by TNF-a, perhaps by preventing degradation 
of mRNA. However, the synergistic effect of the combina- 
tion of TNF-a and IFNy on E-selectin surface expression 
was not associated with marked changes in mRNA accumu- 
lation. 299 Previous studies have shown that endocytosis of 
E-selectin accounts in large part for the short half-life of 
surface E-selectin. 45 Whether IFNy or other cytokines modu- 
late this internalization process remains to be determined. 

In contrast to the prolongation of E-selectin mRNA and 
surface protein expression produced by IFN-y, both TGF- 
0 and IL-4 have been shown to inhibit cytokine-induced 
expression of E-selectin. 290 - 300 Pretreatment of endothelial 
cells in vitro with TGF-0 partially inhibited the expression 
of E-selectin induced by both TNF-a and IL-1, but did not 
affect the TNF-a -induced expression of ICAM-1 or 
VCAM-1 . 30tU01 Concurrent treatment of endothelial cells 
with IL-4 also inhibited TNF-a -induced expression of E- 
selectin, and the combination of TGF-/3 and IL-4 produced 
additive inhibition. 290 Whereas IL-4 antagonized the cyto- 
kine-induced expression of E-selectin, it augmented the in- 
duction of VCAM-1 by IL-1. 277 - 290 - 102 These studies show that 
combinations of cytokines may increase (TNF-a + IFNy for 
E-selectin and TNF-a + IL-4 for VCAM-1) or reduce 
(TNFa + IL-4 for E-selectin and ICAM-1) the expression 
of endothelial adhesion proteins. 

Finally, endothelial cells in different vascular beds may 
vary in their capacity to express adhesion proteins. As men- 
tioned earlier, lysophophatidylcholine induced the expres- 
sion of ICAM- 1 and VCAM- 1 on endothelium derived from 
human iliac arteries but not umbilical veins. 289 Other studies 
have shown that ICAM-1 was induced on cultured dermal 
microvessel endothelium by either TNF-a and IL-1 , whereas 
VCAM-1 was induced only by TNF-a. 303 In contrast to re- 
sponses observed with human umbilical vein endothelium, 
treatment of cultured human synovial microvascular endo- 
thelium with IL-1 or TNF-a led to minimal induction of 
ICAM-1 . 304 The basis for this differential response to ago- 
nists between endothelial cells derived from different vascu- 
lar sites has not been defined. 

In summary, expression of endothelial adhesion proteins 
is regulated at multiple levels. Some agonists are more selec- 
tive for certain adhesion proteins (eg, IFNy for ICAM-1, or 
IL-4 for VCAM-1); others (eg, IL-1, TNF-a, and LPS) are 



less specific, inducing several proteins. Combinations of cy- 
tokines may produce additive or synergistic (eg, IL-4 and 
TNF-a for VCAM-1) or antagonistic (eg, IL-4 and TNF-a 
for E-selectin) effects. These multiple levels of regulation 
provide for precise modulation of the expression of endothe- 
lial adhesion proteins that are involved in recruitment of 
leukocytes to sites of inflammation or immune reaction. 

REGULATION OF LEUKOCYTE ADHESION PROTEINS 

In contrast to endothelium, quantitative changes in leuko- 
cyte adhesion molecule expression may be less important 
than qualitative alterations in function (Fig 2). Activation of 
phagocytes provokes rapid translocation of CD1 lb/CD 18 
and CD! lc/CD18 from intracellular granules to the plasma 
membrane. 196 However, upregulation of CD1 lb/CD 18 sur- 
face expression was not necessary for stimulated neutrophil 
adherence to endothelium in vitro. 303 The functional impor- 
tance of quantitative changes in CD1 lb/CD 18 in neutrophil 
emigration has not yet been established. However, recent 
studies in vitro indicate that newly mobilized CD lib/CD 18 
receptors play an important role in subsequent adherence- 
dependent functions. 306 

Most stimuli that produce upregulation of neutrophil 
CD lib/CD 18 also induce a rapid, concomitant decrease in 
surface L-selectin. 82 ' 85 With appropriate activation, there is 
also a decrease in lymphocyte L-selectin. The downregula- 
tion of L-selectin is a result of shedding of surface L-selectin 
that is produced by cleavage of the extracellular portion 
of L-selectin by an unidentified endogenous protease. The 
functional significance of L-selectin shedding in leukocyte 
emigration is uncertain, but it may serve to limit leukocyte 
recruitment. Finally, in addition to these rapid (minutes) 
changes in cell-surface expression of adhesion molecules, 
quantitative alteration in integrin receptors have also been 
reported to occur with longer stimulation (hours to days). 184 

Qualitative changes in adhesion receptor avidity (binding 
to multivalent ligands) play a critical role in leukocyte adhe- 
sion to endothelium or matrix components. Integrin receptors 
on circulating leukocytes are normally in an inactive or low- 
avidity state in that they do not bind, or bind only minimally, 
to their endothelial ligands. With appropriate activation of 
the leukocyte, the integrin receptors are transformed to an 
active state in which they bind avidly to surface ligand. 
Recent studies showed that increased leukocyte avidity may 
result from two distinct mechanisms — an increase affinity 
(as measured by binding to soluble monovalent ligands) or 
postreceptor events (eg, cytoskeletal associations). 307 3,0 This 
avidity modulation or "inside-out" signaling 307 can be trig- 
gered by a variety of mechanisms that range from the binding 
of peptide and lipid chemoattractants to membrane receptors 
to the cross-linking of other surface molecules (eg, T-cell 
receptor, PECAM-1). The ability of integrin receptor to 
transform rapidly from a low-avidity to a high-avidity state 
allows leukocytes to circulate freely, but then stick firmly at 
sites of inflammation. It is equally important for leukocytes 
to modulate integrin receptors from the high to the low- 
avidity states as 'freezing' receptors in a high-avidity state 
prevents migration. 3 " This topic of avidity modulation of leu- 
kocyte /?, and p 2 integrin receptors has recently been reviewed 
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in detail in this journal 184 and elsewhere, UI5IfU07 " 3W and will 
not be considered further in this review article except to 
emphasize that it is a major determinant of integrin-mediated 
leukocyte adhesion to endothelium. 

Similar to avidity modulation of leukocyte integrins, acti- 
vation of neutrophils and lymphocytes was shown to produce 
a transient high-avidity state of L-selectin before shedding. 312 
Whether changes in avidity also occur with E- and P-selectin 
remains to be determined. 

ADHESION CASCADE 

Elegant studies by intravital microscopy, some dating 
back more than 100 years, have identified a sequence of 
adhesive interactions involved in leukocyte emigration from 
the bloodstream to extravascular sites of inflammation 313 (Fig 
3A). Because leukocytes do not have cilia, they cannot 
4 4 s wim* * to the vessel wall in response to extravascular che- 
mo tactic stimuli. Initial contact with the vessel wall then is 
in large part a random event, perhaps enhanced by local 
alterations in flow characteristics. After initial contact some 
of the leukocytes are observed to "roll'* along the vessel 
wall adjacent to the site of injury. Rolling is a phenomenon 



that is observed only under conditions of flow, and is the 
resultant of shear forces acting on the individual leukocyte 
and an adhesive interaction between the leukocyte and endo- 
thelium. 314 Whether rolling is observed in normal vessels is 
a matter of controversy, 3 ' 3 but it has clearly been shown to be 
rapidly induced by only minimal perturbation of tissue. 316,317 
Atherton and Born 314 calculated that the adhesive force to 
which each neutrophil is subjected is —5 dynes/cm 2 , and in 
vitro studies examining leukocyte adhesion to endothelium 
during shear force have used this estimate. 318 However, oth- 
ers have suggested that adhesive forces of 17 to 29 dynes/ 
cm* may be better estimates of shear forces in vivo. 319 * 320 
Interestingly, a consistent in vivo observation has been that 
leukocyte rolling seldom occurs along endothelium of arteri- 
oles. 317 * 320 " 322 Although 39% of leukocytes were observed to 
roll along the endothelium of rat mesenteric venules, only 
0.6% rolled along the endothelium of arterioles. 317 It was 
initially reported that the mean velocity of rolling was di- 
rectly proportional to mean blood velocity at flow rates less 
than 1 mm/s, but at higher rates was relatively constant. 314 
Hence, higher flow rates in the arteriolar circulation may be 
one explanation of this difference. However, with reduction 



Fig 3. . Adhesive interactions 
during leukocyte emigration. (A) 
Studies using Intravital micros- 
copy have identified a aeries of 
events involved In leukocyte em- 
igration from bloodstream to ex- 
travasculsr tissue. Under condi- 
tions of flow, leukocytes are first 
observed to roll along endothe- 
lium of postcapillary venules ad- 
jacent to the extrsvaaeular site 
of inflammation. Subsequently, 
some of the rolling leukocytes 
adhere firmly, dlapsdasa be- 
tween endothellsl celts, and 
then migrate Into subendotheilal 
tissue. Recent studies in vftro 
and In vivo indicate that rolling 
is mediated by multiple low-af- 
finity interactions between se- 
lectin receptors and carbohy- 
drate counter-structures, and 
firm adhesion and dlapedesis are 
largely dependent on integrln 
and IghUke adhesion proteins. (B) 
The adhesive interactions In- 
volved In leukocyte emigration 
involve several distinct phases: 
initial transient adhesion, activa- 
tion and firm adhesion, traneen- 
dothelial migration, and euben- 
dothelial migration. Particular 
leukocyte, endothelial, and tis- 
sue components participate In 
each phase. (Adapted and re- 
printed with permission." Copy- 
right 1932 by the AAAS.) 
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of flow rates in arterioles to that of venules, the frequency 
of leukocyte rolling on venular endothelium remained 
higher. 317 * 320 These studies suggest that there may be an in- 
trinsic difference in the expression of endothelial adhesive 
components involved in leukocyte rolling, ie ( the selectins 
and their counter-structures (vide supra) on venular versus 
arteriolar endothelium. 

With sufficient tissue trauma or inflammation, a portion 
of the rolling leukocytes are observed to flatten and spread 
on the endothelium and then to 'stick' firmly. Occasionally, 
other leukocytes will stick to the leukocyte adherent to the 
vessel wall forming small aggregates of leukocytes attached 
to the endothelium. Some of the adherent leukocytes crawl 
over the endothelial surface, seeming to probe for an open- 
ing, and then diapedese or crawl between endothelial cells. 
Once in subendothelial tissue the extravasated leukocytes 
continue to migrate toward the inflammatory site. 

In the past decade in vitro and in vivo studies have identi- 
fied many of the adhesion molecules and locally generated 
inflammatory mediators that are involved in the adhesive 
interactions observed by intravital microscopy. 323 The cur- 
rent model of leukocyte emigration proposes a cascade of 
adherence events analogous to the complement and coagula- 
tion cascades 23 * 37,197 * 323 - 325 (Fig 3B). The initial step involves 
local generation of mediators and initial activation of endo- 
thelium juxtaposed to the inflammatory site. This results in 
increased leukocyte rolling along the postcapillary endothe- 
lium, thereby 'tethering' the leukocyte to the vessel wall. 16 

The next event in this cascade is continued activation of 
endothelium and now leukocytes by cytokines, chemokines, 
and chemoattractants that are produced locally. These agents 
may be specific for a particular endothelial adhesion protein 
(eg, IL-4 for VCAM-1) or a leukocyte subtype (eg, monocyte 
chemotactic protein- 1 (MCP-1) for monocytes or IL-5 for 
eosinophils), thus promoting selective recruitment, or they 
may act nonspecifically to induce expression of several endo- 
thelial adhesion proteins (eg, TNF-a or IL-1 for E-selectin, 
ICAM-1, and VCAM-1) or activation of several leukocyte 
subtypes (eg, platelet-activating factor [PAF] for neutrophils, 
monocytes, and eosinophils). Endothelial cells may further 
augment leukocyte activation by secretion (eg, IL-8, MCP- 
l, or GM-CSF) or surface expression (eg, PAF, MIP-1^, or 
IL-8) of proadhesive molecules. Additionally, endothelial 
adhesion proteins (eg, E-selectin, P-selectin, or PECAM-1) 
themselves may directly activate leukocytes. Events that oc- 
cur during this phase of leukocyte activation strengthen ad- 
hesion and lead to firm sticking. 

In the final steps of the cascade, some of the adherent 
leukocytes migrate between the inter-endothelial cell junc- 
tions, and then through the subendothelial extracellular ma- 
trix to accumulate finally at the site of inflammatory or im- 
mune reaction. 

In general, the selectin family of adhesion proteins is pri- 
marily involved in the initial adhesive event manifested by 
rolling under conditions of flow, the binding of leukocyte 
integrins to endothelial Ig-like proteins mediates firm adhe- 
sion, and transendothelial migration involves leukocyte and 
endothelial PECAM-1 as well as leukocyte integrin and en- 
dothelial Ig-like proteins. Migration through subendothelial 



CARLOS AND HARLAN 

tissue is mediated in large part by interaction of integrins 
with components of extracellular matrix. We will consider 
leukocyte-endothelial adhesive interactions during rolling, 
activation-firm adherence, and transendothelial migration in 
greater detail. 

Rolling 

Convincing evidence from both in vitro and in vivo studies 
indicates that selectins are involved in the leukocyte rolling 
that is observed immediately after tissue injury. Models ex- 
amining leukocyte adhesion to endothelium in vitro have 
shown that CD 1 1 /CD 18- dependent adhesion, stimulated ei- 
ther by leukocyte activation with increased expression/avid- 
ity of the /3 2 integrins or with increased expression of IC AM- 
J on activated endothelium, is seen only at low shear rates 
(<0.5 dynes/cm 2 ) or in static adhesion systems. 246,326 * 329 In 
contrast, with shear flow rates ~2 dynes/cm 2 , either pretreat- 
ment of neutrophils or monocytes with anti— L-selectin 
MoAbs or with agonists that cause activation-induced shed- 
ding of L-selectin decreases neutrophil and monocyte adhe- 
sion to cytokine-stimulated endothelium. 246,327 " 329 Agents pre- 
viously shown to inhibit the adhesive function of L-selectin 
in vitro, including sulfated polysaccharides (fucoidan and 
dextran), were found to inhibit leukocyte rolling in 
vivo. 319,330 " 332 The administration of MoAb 323 333 or polyclonal 
sera 334 against L-selectin or a soluble, recombinant Ig-chi- 
mera of L-selectin 335 significantly inhibited leukocyte rolling 
in vivo. By preventing leukocyte rolling, treatment with 
blocking antibodies or L-selectin-Ig chimera decreased leu- 
kocyte recruitment in vivo. 69 * 244,323 * 335 Activation-induced L- 
selectin shedding 336 or removal of glycosylated L-selectin 
by chymotrypsin-treatment of neutrophils ex vivo also abro- 
gated rolling in vivo. 337 Finally, transfection of a SLe*-nega- 
tive murine lymphocyte line with human cDNA for L-selec- 
tin conferred the capacity to roll on inflamed rabbit 
venules. 337 

The participation of P-selectin in leukocyte rolling and 
adhesion with higher shear forces was first shown in vitro. 338 
P-selectin in lipid bilayers mediated rolling of neutrophils 
at shear forces <4 dynes/cm 2 , but ICAM-1 was unable to 
support adhesion at these shear forces. 338 However, neutro- 
phil binding to P-selectin was sensitive to greater shear 
forces. If neutrophil adhesion to ICAM-1 was first allowed 
to occur at low shear forces, subsequent increases in shear 
forces did not disrupt ICAM- 1 -dependent binding. These 
studies indicate that selectin-mediated adhesion remains sen- 
sitive to shear forces, whereas, once activated, integrin-medi- 
ated binding to ICAM-1 is resistant to increasing shear 
forces. Consistent with the in vitro studies, administration 
of a blocking anti -P-selectin MoAb was shown to decrease 
leukocyte rolling in vivo. 339 Most importantly, 'spontaneous* 
rolling was reported to be virtually absent in mesenteric 
venules of P-selectin -deficient mice generated by gene tar- 
geting — 

Evidence that E-selectin is also involved in leukocyte roll- 
ing in vitro has recently been reported. 341 - 342 After binding 
to E-selectin f neutrophils do not underdo shape change and 
do not migrate under endothelial monolayers. 341 A portion 
of this adhesion to E-selectin can be inhibited by treatment 
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of neutrophils with blocking L-selectin antibodies, again 
suggesting E-selectin binding to SLe* expressed on L-selec- 
tin. In contrast to leukocyte rolling on P-selectin in vitro, 
adhesive binding to E-selectin was stronger. 342 Because E- 
selectin is expressed only after several hours, it likely con- 
tributes to the later recruitment of leukocytes. In this regard, 
late neutrophil accumulation in inflamed peritoneum was not 
markedly reduced by treatment of normal animals with L- 
selectin Ig-chimeric protein or in the P-selectin -deficient 
mice, whereas an MoAb to E-selectin effectively inhibited 
neutrophil accumulation in the inflamed peritoneum and 
lungs of normal animals at 4 hours. 343 

Thus, both L- and P-selectin have been shown to mediate 
rolling and recruitment of leukocytes in vivo, and all three 
selectins have been shown to support leukocyte rolling in 
vitro. The fact that both functional L-selectin and P-selectin 
are necessary for efficient rolling raises the question of 
whether they interact directly. L-selectin present on micro- 
villi of neutrophils has been shown to present SLe x for recog- 
nition by P-selectin under conditions of shear forces in 
vitro. 120 However, P-selectin has also been shown to bind 
with high affinity to a 120-kD protein distinct from L-selec- 
tin 131 and to PSGL-1. 132 Also, a 5Le*-negative lymphocyte 
cell line transfected with human L-selectin cDNA was ob- 
served to roll in vivo, 337 indicating that L-selectin (lacking 
carbohydrate ligands for P- or E-selectin) is able to mediate 
rolling, presumably by recognition of a rapidly induced car- 
bohydrate counter-structure expressed on inflamed ve- 
nules. 337 Most likely then, both L-selectin and P-selectin are 
necessary for efficient rolling with each selectin interacting 
with a distinct counter-structure on the opposing cell (vide 
supra). - : "' • 

Activation-Firm Adherence 

In the second phase of leukocyte recruitment, activation 
of leukocyte integrins and de novo expression of endothelial 
adhesion proteins occurs. I6,78 - 323 * 324 As discussed previously, 
activation of leukocytes triggers an increase in avidity caused 
by a conformational change in the integrin heterodimer, re- 
sulting in greater affinity for ligands and/or to postreceptor 
events. 14 1 * 4,307 " 309 In the setting of leukocyte-endothelial 
interactions there are diverse mechanisms to modulate 
leukocyte integrin avidity. Binding of chemokines (eg, IL- 
8, MCP-1, MIP-1^), cytokines (eg, GM-CSF, IL-5), or 
chemoattractants (eg, C5a, FMLP) to leukocytes expressing 
complementary receptors transduces signals that can aug- 
ment 0\ or 02 integrin-dependent adhesion. These activating 
agents may be derived from local tissue cells, infiltrating 
leukocytes, microorganisms, or, importantly, from the endo- 
thelium itself. Endothelial-derived IL-8 secreted into suben- 
dothelial matrix 544 or bound to the surface 343 was shown to 
promote neutrophil adherence and transmigration. Surface- 
expressed endothelial PAF also augmented neutrophil adhe- 
sion by activating p 2 integrins. 267,34 * The chemokine MIP- 
1/3, bound to endothelial surface proteoglycans similarly 
augmented VLA-4 -dependent T-cell adhesion to VCAM- 
l. 347 

Activation of leukocyte integrins can also occur after the 
engagement of counter-structures by other leukocyte surface 



receptors. Cross-linking of several lymphocyte surface pro- 
teins, including CD2, CD3, CD43, and CD44, has been 
shown to induce high avidity binding of leukocyte CD 11 a/ 
CD 18. 19 Moreover, the binding of leukocytes to endothelial 
adhesion proteins may also transduce activating signals. 
Cross-linking of the E- and P-selectin counter-structures, 
CD 15 or its sialylated form, on neutrophils caused activation 
or upregulation of f3 2 integrins. 348 " 331 Binding of neutrophils 
to E-selectin increased expression of CD1 lb/CD 18 in vitro 
and augmented CD1 1/CD1 8-dependent adhesion to cultured 
endothebum. 197 Binding of T cells to endothelial CD31 
(PECAM-1) increased the function of f$\ integrins. 178 Lym- 
phocyte adhesion to ICAM-1, ICAM-2, and VCAM-1 was 
shown to provide costimulatory signals for T-cell prolifera- 
tion and IL-2 secretion, 332 " 356 whereas adhesion to E-selectin 
did not. 354 Whether P-selectin also is involved in transmitting 
signals to leukocytes that bind to this selectin is unclear. In 
some studies neutrophil binding to P-selectin inhibited sev- 
eral neutrophil functions, 337,358 whereas monocyte adhesion 
to P-selectin increased expression of tissue factor. 339 Others 
have reported that neutrophil binding to P-selectin alone 
failed to provoke intracellular calcium transients, polariza- 
tion, upregulation of fi 2 integrins, or priming of neutro- 
phils. 360 

Endogenous mediators may also function to reduce leuko- 
cyte-endothelial interactions. Although generally considered 
to be a proadhesive molecule promoting neutrophil emigra- 
tion, 344345 under different assay conditions IL-8 reduced neu- 
trophil adherence to endothelium in vitro, 361 and high con- 
centrations of intravascular IL-8 inhibited neutrophil 
emigration. 362 Nitric oxide, presumably derived from endo- 
thelium, was shown to be an endogenous modulator of leuko- 
cyte adhesion because treatment with an inhibitor of endoge- 
nous nitric oxide synthesis resulted in neutrophil sticking to 
cat mesenteric venules observed by intravital microscopy. 363 
Also, the pleiotropic cytokine, TGF-/?, which is likely elabo- 
rated in an active form in the perivasculature 364 * 365 has been 
reported to decrease neutrophil 366 and lymphocyte 301 binding 
to basal and cytokine-stimulated endothelium, and to inhibit 
E-selectin expression on endothelial cells in vitro. 300 Consis- 
tent with these in vitro studies, TQF-0 was reported to sup- 
press inflammatory responses in arthritis 367 and in myocar- 
dial infarction, 368 and mice that are deficient in TGF-/? 
develop multifocal inflammatory disease with leukocyte in- 
filtration. 369 

If proadhesive factors predominate, the net result of the 
activation processes is to promote firm adhesion via integrin 
interactions with endothelial Ig-like ligands. Shear-sensitive, 
selec tin-mediated tethering is replaced by shear-resistant, ac- 
tivated integrin-mediated adhesion. Recently, this scenario 
of activation-dependent adhesion was confirmed by intravital 
microscopy of lymphocyte binding to HEV of mouse Peyer's 
patches. 370 In this model pertussis toxin, an inhibitor of G- 
protein- mediated signal transduction from a number of 
membrane receptors was found to inhibit activation-depen- 
dent sticking of lymphocytes to HEV without affecting roll- 
ing along HEV. Interestingly, lymphocyte sticking was ob- 
served to occur within 1 to 3 seconds of rolling, illustrating 
the rapidity with which activation events can occur. 
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The importance of 0 2 integrins in the firm adhesion of 
phagocytes, and, hence, in phagocyte emigration is estab- 
lished by LAD type I syndrome. As discussed previously, 
patients with this disorder have deficient or absent expression 
of CD11/CD18 because of heterogeneous mutations in the 
/? 2 (CD 18) subunit. 183 Neutrophils and monocytes from these 
patients fail to migrate to skin windows or skin chambers 
and surgical biopsies of inflammatory sites are devoid of 
neutrophils.' 85,208 Studies in vitro initially demonstrated that 
stimulated neutrophil adhesion to endothelium under static 
conditions was dependent on CD11/CD18, 1 " and observa- 
tions by intravital microscopy showed that administration of 
CD 18 MoAbs prevented neutrophil sticking without affect- 
ing rolling. 323 * 371 

Although neutrophil and, to some extent, monocyte emi- 
gration is defective in LAD type I, lymphocytes, eosinophils, 
and plasma cells are able to emigrate to tissue. 183 Moreover, 
cell-mediated immunity appears to remain relatively intact. 
From these observations it was apparent that an alternative 
adhesion pathway(s) existed. Studies in vitro 158 * 162 * 163 * 195 - 212 
identified the 0 X integrin VLA-4 and its endothelial ligand 
VCAM-1 as a candidate pathway of CD1 l/CD18-indepen- 
dent firm adherence. More recently, blocking VLA-4 
or VCAM-1 MoAbs have been shown to inhibit lympho- 
cyte, 372 " 375 monocyte, 209 and eosinophil 376 emigration in vivo. 
Although intravital microscopy studies have not been re- 
ported, it seems likely that inhibition of leukocyte emigration 
observed with the blocking VLA-4 or VCAM-1 MoAbs is 
caused in large part by a reduction in leukocyte adhesion. 

Finally, a*/?? binding to MAdCAM-1 has recently been 
identified as an adhesion pathway involved in lymphocyte 
homing to mucosal lymphoid tissue. By analogy to other 
integrin -Ig-like ligand interactions, it is presumed that acti- 
vated ct$i will promote firm adhesion to MAdCAM-1 on 
mucosal HEV. 

Recent studies provide compelling evidence in support of 
the current paradigm in which selectin-carbohydrate interac- 
tions initiate low-affinity adhesion, and subsequent activa- 
tion-induced engagement of integrins with endothelial Ig- 
like iigands promotes firm adhesion. 377 In these studies, the 
relative contribution of selectin and /3 2 integrin was deter- 
mined by intravital microscopy using fluoresce in-labeled 
neutrophils from a normal donor, an LAD type I patient, 
and an LAD type U patient. Labeled cells were observed 
during interactions with venules in the peritoneum of rabbits 
treated with IL-1 to induce E-selectin (and likely the L- 
selectin ligand and perhaps P- selectin as well). Neutrophils 
from the LAD type I patient showed normal rolling, but were 
unable to stick and emigrate upon chemotactic stimulation. 
Neutrophils from the LAD type II patient rolled poorly, and 
failed to stick and emigrate under the shear forces provided 
by flow. The minimal residual rolling observed with LAD 
type II cells may have resulted from interaction of normal 
L-selectin protein with a normally fucosylated ligand on 
rabbit endothelium. However, when flow was reduced LAD 
type II cells adhered and emigrated in response to a chemoat- 
tractant. Thus, under conditions of flow (ie, with shear force) 
selectin binding to SLe x or related fucosylated carbohydrate 
structures is essential for rolling, and is prerequisite for sub- 
sequent integrin-mediated sticking and emigration. 377 



Leukocyte Transmigration 

Many of the leukocytes that are tightly bound to endothe- 
lium next crawl over the lumenal surface, a process that 
requires reversible adhesion, ie, cyclic modulation of integrin 
receptor avidity. 378 * 379 Upon encountering an intercellular 
junction some of the migratory leukocytes then squeeze be- 
tween endothelial cells to enter extravascular tissue. The 
term "transmigration** has been used broadly to describe 
the process of leukocyte migration across endothelium from 
the lumenal to the ablumenal surface, or, more narrowly, to 
specify the actual penetration or diapedesis of leukocytes 
between endothelial cells. Migration across endothelial 
monolayers involves adherence to endothelium, movement 
over the endothelial lumenal surface, and often some compo- 
nent of migration through subendotheliai matrix in addition 
to penetration between endothelial cells. The distinction be- 
tween the broad and narrow use of the term is important 
because many more adhesion molecules are involved in mi- 
gration across endothelium than in diapedesis between endo- 
thelial cells. 

Transendothelial migration has been studied in a number 
of in vitro models using endothelial cells grown on nitrocel- 
lulose or polycarbonate filters, glass coverslips, collagen 
gels, or amniotic membranes. 380 It is important to note that 
most of these assays assess transmigration in the broader 
sense of net movement across endothelium rather that spe- 
cific penetration between endothelial cells. Migration across 
endothelium has been assessed in these assays under basal, 
unactivated conditions (spontaneous) or in response to a che- 
motactic gradient or cytokine- treatment of the endothelium. 
Generally, there is little spontaneous migration of neutro- 
phils or eosinophils, but monocytes, 381 lymphocytes, 382 ' 384 
and NK cells 385 exhibit significant migration across unstimu- 
lated monolayers. With chemotactic stimulation, there is a 
marked increase in neutrophil 199 M4 * 386 * 387 and eosinophil 3 "" 1188 
transmigration. Pretreatment of endothelial monolayers with 
IL-1 or TNF-a also promotes neutrophil, 389 * 393 mono- 
cyte, 392 * 394 and eosinophil 395 " 397 transmigration. For neutro- 
phils, endothelial-associated PAF 398 and endothelial-derived 
IL-8 344398 have been reported to play an important role in 
promoting diapedesis by activating (PAF) and guiding 
(IL-8) the neutrophil. Interestingly, endothelial cytosolic- 
free calcium was shown to regulate neutrophil transmigration 
in that clamping of endothelial intracellular calcium with a 
cell-permeant calcium buffer inhibited neutrophil migration 
across endothelium without affecting adherence. 399 

Numerous studies have examined the adhesion molecules 
involved in transmigration. The profound defect in neutro- 
phil emigration observed in LAD type I syndrome suggested 
that CD11/CD18 may be involved in neutrophil transmigra- 
tion as well as adherence. Early studies showed that neutro- 
phils from LAD type I patients or normal neutrophils treated 
with a blocking CD 18 MoAb were unable to migrate across 
endothelial monolayers in response to a chemotactic stimu- 
lus. 199 Subsequently, both CDlla/CD18 and CDllb/CD18 
subunits were shown to be involved in transmigration in 
response to a chemotactic gradient. 400 Chemoattractant-stim- 
ulated eosinophil migration across endothelial monolayers 
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was also found to be largely CDll/CD18-dependent. 3n 
CD11/CD18 also was reported to contribute significantly to 
spontaneous migration of monocytes, 381 lymphocytes, 383 and 
NK cells. 385 

Several studies have established that CD11/CD18 and, 
to a lesser extent, ICAM-1 are important determinants of 
neutrophil transmigration across cytokine-activated endothe- 
lium. Pretreatment of neutrophils with a blocking MoAb 
against CD18 inhibited the majority (-75% to 95%) of 
transendothelial migration by neutrophils on 4-hour IL-1- 
treated endothelium. 201 - 392400 " 102 Whether CD! la/CD18 or 
CD1 lb/CD 18 predominates in the interaction of the 0 2 leu- 
kocyte integrins with ICAM-1 during neutrophil migration 
is uncertain. 201 - 391 - 400,401 However, MoAbs against ICAM-1 
alone were noted to inhibit only a portion of neutrophil 
migration. 391 - 400 The combination of E-selectin and ICAM-1 
MoAbs was observed to be additive in their inhibition of 
neutrophil transendothelial migration on activated endothe- 
lium. 391,392 Additive inhibition was also observed when 
MoAbs against CDllb/CD18 and ICAM-1 were com- 
bined. 400 It has been suggested that these findings may be 
explained by upregulation of CDllb on initial binding of 
neutrophils to E-selectin on IL-1 -activated endothelium at 
4 hours (but not 24 hours). 391,403 * 404 Because there is likely 
an unidentified endothelial ligand forCDllb/CDlS 202,241 that 
could circumvent ICAM-1 -dependent migration, the combi- 
nation of E-selectin (blocking upregulation of CD1 lb/CD 18) 
and ICAM-1 (inhibiting CD 1 la-dependent migration) 
MoAbs would thus totally inhibit CD18-dependent migra- 
tion. 

As discussed previously, eosinophils, mononuclear phago- 
cytes, and lymphocytes are present in surgical biopsies from 
LAD type I patients. 185 Studies of monocyte 392394 and eosino- 
phil 393,403 transmigration in vitro have shown that both 
E-selectin and VCAM-1 are involved. Treatment of endothe- 
lium with IL-1, IL-4, or TNF-a increased eosinophil migra- 
tion for greater than 24 to 48 hours. 405 Although an anti— 
ICAM-1 MoAb alone inhibited 24% of IL-1 or TNF-a - 
induced eosinophil migration, the combination of anti-E- 
selectin, anti -VCAM-1, and anti -ICAM-1 MoAbs pro- 
duced additive inhibition of transmigration. 395 Similar results 
were obtained for monocyte migration across IL-1 - activated 
endothelium 392 where the combination of a CD 18 MoAb 
with MoAbs against VLA-4 (CD49d) and E-selectin pre- 
vented 68% of monocyte migration, whereas the CD 18 
MoAb alone inhibited by only 51%. 

Trie involvement of VCAM-1 in lymphocyte transendo- 
thelial migration remains to be shown definitively. Studies of 
lymphocyte migration on IL-1 -activated endothelium have 
shown that a CD 18 MoAb alone inhibited the majority of 
migration. 406 Studies using an anti -VCAM-1 MoAb alone 382 
or a CD49d MoAb alone found little or no inhibition in 
lymphocyte transmigration. 383 However, in view of the addi- 
tive inhibition of transendothelial migration produced by 
blocking eosinophil and monocyte binding to both VCAM- 
1 and E-selectin in vitro and the synergistic inhibition of 
mononuclear leukocyte emigration produced by combined 
treatment with CD 18 and CD49d MoAbs in vivo, 209 the role 
of VCAM- 1 in lymphocyte migration remains to be clarified 
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in studies using combinations of MoAbs. Also, because 
VLA-4 binds to the CS-1 fragment of fibronectin that can 
be expressed on vascular lumen, 243 it will be necessary to 
use MoAbs directed to VCAM-1 rather than CD49d, the a 
chain of VLA-4, to define the role of VCAM-1 in lympho- 
cyte transmigration. 

As noted previously, most transmigration assays assess 
some component of leukocyte migration through matrix 
components deposited by endothelium as well as adherence 
to and diapedesis between endothelial cells. Accordingly, in 
some studies transmigration was inhibited by MoAbs to the 
fibronectin receptor VLA-5 (<xjp x , CD49e/CD29) and the 
laminin receptor VLA-6 (oV^i , CD49f/CD29) 392 and to the 
CS-1 fragment of fibronectin. 311 

In most assays it is difficult to distinguish between the 
contribution of a particular adhesion protein to adherence 
to endothelium versus diapedesis between endothelial cells 
during the process of transmigration. Because adherence to 
endothelium is prerequisite for subsequent diapedesis and 
transmigration, agents that inhibit adherence will also reduce 
diapedesis between endothelial cells and transmigration. 
However, studies have shown that only about half of neutro- 
phils contacting the apical surface of endothelium eventually 
transmigrate under maximal stimulation. 380 Thus, adherence 
alone is necessary, but not sufficient, for subsequent diapede- 
sis between endothelial cells. The fact that neutrophil trans- 
migration was inhibited by CD 18 and ICAM-1 MoAbs, even 
when adherence was presumably dependent upon E-selec- 
tin, 389 suggests that the interaction of CD11/CD18 with 




Rg 4. Selective recruitment off leukocyte subtypes. The selective 
recruitment of subpopulatJons of circulating leukocytes to sites of 
inflammation or immune reaction (eg, eosinophils to the lung In 
asthma) is a combinatorial process Involving the coordinated interac- 
tion of various primary (seJectin) and activation-dependent (integrin) 
adhesion receptors with different Inflammatory stimuli (cytokines, 
chemoklnes, and chemoattractantsl that activate leukocyte subtypes 
and/or endothelial cells. 
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Table 1. Animal Models of Anti-Adhesion Therapy- Models In Which Neutrophils Mediate Inflammation 



MoAb Used 



Observation 



1. Ischemia/reperfusion 

ICAM-1 
ICAM-1 
ICAM-1 
ICAM-1 
ICAM-1 
ICAM-1 
ICAM-1 

P-selectin 
P-selectin 
L- select in 

2. Acute inflammation 

ICAM-1 
ICAM-1 
ICAM-1 
ICAM-1 
ICAM-1 

P-selectin 
E-selectin 
E-selectin 

E-selectin 
L-selectin 
L-se lectin 
L-selectin 
PECAM-1 



Reduced neurologic deficit with pretreatment in spinal cord ischemia/reperfusion but not irreversible ischemia* 11 
Reduced neurologic deficit with pretreatment in stroke model 433 

Pretreatment or posttreatment in bum model improved microvascular perfusion in zone of stasis* 23 
Pretreatment of pulmonary artery occlusion decreased neutrophil accumulation in re perfused lung 424 
Pretreatment in myocardial ischemia-reperfusion decreased neutrophil accumulation in ischemic area*"* 26 
Partial inhibition of human neutrophil recruitment in perfused lung model 437 

Decreased neutrophilic infiltration, pulmonary hemorrhage and increased capillary permeability following limb 

ischemia/reperfusion injury 43 * 
Prevented vascular leak and tissue injury following partial ear transection 439 
Decreased myocardial necrosis 430 

Decreased myocardial necrosis and neutrophilic infiltration 431 
Prevention of Shwartzman response 433 ' 433 

No inhibition of neutrophil recruitment in antigen-induced acute pulmonary inflammation 434 
Decreased neutrophil recruitment in a model of phorbol ester-induced inflammation 435 
Partial inhibition of neutrophil recruitment in complement-mediated acute lung injury 43 *- 437 
Decreased leukocyte recruitment in models of IgG- end IgA-immune complex-induced acute pulmonary 
inflammation 437 

Decreased neutrophil recruitment in model of complement-mediated acute lung injury 438 
Decreased accumulation of neutrophils in model of IgG immune complex-mediated lung injury 439 
Decreased accumulation of total leukocytes and neutrophils in model of antigen-induced acute pulmonary 

inflammation 43 * 
Failed to decrease leukocytic infiltration in model of colitis 440 
Decreased neutrophil migration into inflamed peritoneum 344 - 338 
Decreased neutrophil migration into inflamed skin 49 
Decreased neutrophil migration into inflamed lung 441 

Decreased neutrophil migration into inflamed lung, peritoneum and skin xenograft 183 



For reviews of anti-adhesion therapy directed to CD1VCD18, see refs 185, 196, and 313. 



ICAM-1 may also play a role in neutrophil diapedesis be- 
tween endothelial cells. 

Recent studies in vitro indicate that both leukocyte and 
endothelial PECAM-1 (CD31) are directly involved in the 
process of neutrophil and monocyte diapedesis between en- 
dothelial cells. 181 In these studies an anti-PECAM-1 MoAb 
or recombinant soluble PECAM-1 blocked neutrophil and 
monocyte migration across cytokine-activated endothelial 
monolayers. Most importantly, light and electron micros- 
copy showed that leukocytes blocked in transmigration by 
the anu-PECAM-l MoAb remained bound to the endothe- 
lial surface over the intercellular junction, thus clearly defin- 
ing the role of PECAM-1 in diapedesis between endothelial 
cells versus adherence to endothelial cells. The fact that 
pretreatment of either the neutrophil or the endothelial cell 
was effective suggested that there was a homophilic interac- 
tion between leukocyte and endothelial PECAM-1 mole- 
cules, although other mechanisms (eg, bridging via binding 
to a soluble molecule, heterophilic binding to a shared ligand 
on both cells, or an indirect signaling) were not excluded. 181 

Consistent with the in vitro findings, polyclonal antibodies 
to PECAM-1 were shown to inhibit neutrophil emigration 
to inflammatory sites in vivo. 183 Proposed roles of PECAM-1 
in transmigration between endothelial cells include possible 
function as a direct adhesion molecule, establishment of a 
haptotactic gradient to direct migration through the junction, 
activation of CD11/CD18 by signaling, and maintenance of 



a permeability barrier. 181 Because PECAM-1 is expressed 
only on a subpopulation of T cells, 178 the molecules involved 
in the penetration of other lymphocytes between endothelial 
cells remain to be defined. 181,182 

SELECTIVE LEUKOCYTE RECRUITMENT 

Experimental models of inflammation have shown that the 
recruitment of leukocyte subtypes follows a characteristic 
temporal sequence. Intradermal injection of chemotaxins or 
LPS induces an influx of neutrophils that peaks within 4 
hours with minimal additional accumulation of neutrophils 
at 24 hours postinjection. 407 * 408 In contrast, mononuclear leu- 
kocytes become the predominant leukocyte subtype by 12 
hours postinjection, and continue to be recruited for at least 
24 hours. 408,409 By 48 hours postinjection the inflammatory 
infiltrate consists almost entirely of mononuclear leuko- 
cytes. 408 

In addition to the pattern of early emigration of neutrophils 
versus the late accumulation of mononuclear leukocytes in 
inflammation, there is often selective recruitment of a leuko- 
cyte subtype in inflammatory or immune reactions. The most 
striking example is the marked accumulation of eosinophils 
at extravascular sites of allergic reactions, eg, the nasal mu- 
cosa in allergic rhinitis or alveolar spaces in asthma, although 
eosinophils represent only a small percentage of circulating 
leukocytes. Also, in synovial tissue in rheumatoid arthritis 410 
and in skin involved with inflammatory dermatoses 411 there 
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Table 2. Animal Models of Anti-Adhesion Therapy. Models In Which Mononuclear Leukocytes Mediate Inflammation 



MoAb Used 



Observation 



1. Organ transplantation 
ICAM-1 
ICAM-1 
VCAM-1 
VLA-4 
VLA-4 



Partial prevention of rejection in cardiac allograft 4 * 3 ' 445 
Partial prevention of renal allograft rejection 446 
Prevention of graft rejection in cardiac allograft 447,44 * 
Slight prolongation of cardiac allograft survival 44 *' 480 
Decreased leukocyte infiltration and vasculitis in cardiac allograft 440 



2. Autoimmune/chronic inflammatory disorder 



ICAM-1 
ICAM-1 

ICAM-1 

ICAM-1 

ICAM-1 

ICAM-1 

ICAM-1 

VCAM-1 

VLA-4 

VLA-4 

VLA-4 

VLA-4 

L -select in 



Partial inhibition of leukocyte recruitment in collagen- or adjuvant-induced arthritis 461 ' 453 
Partial inhibition of mononuclear leukocyte recruitment in antigfomerutar basement membrane form of 
glomerulonephritis 459 

Decreased leukocytic infiltration and suppressed the development of experimental autoimmune encephalitis (EAEI 464 
Decreased the development of active, but not passively transferred, EAE* 86 

When administered with CDIIa MoAb, prevented progression of crescentic glomerulonephritis 4 ** 
Reduced leukocytic Infiltration and proteinuria in model of autoimmune nephritis 497 

Partial reduction in number of mononuclear leukocytes at site of delayed-type hypersensitivity (DTH) reaction 4 * 8 

Decreased leukocyte entry into CNS in EAE model 374 

Decreased migration to sites of DTH reaction" 1 - 459 - 460 

Decreased lymphocyte accumulation into arthritic joints 371 

Decreased leukocytic infiltration in model of colitis 440 

Decreased accumulation of leukocytes in model of EAE 375 

Decreased lymphocyte migration to sites of DTH reaction 461 



ICAM-1 
ICAM-1 

VLA-4 
VLA-4 



Models in Which Eosinophils Mediate Inflammation 
Decreased accumulation of eosinophils in model of antigen-induced asthma 462 

No inhibition of eosinophil recruitment in primate model of asthma unless animals were withdrawn from 
dexamethasone 463 

Decreased late phase airway hyperresponsiveness after antigen challenge 464 
Decreased eosinophilic infiltration in passive cutaneous anaphylaxis reaction 376 



For reviews of anti-adhesion therapy directed to CD11/CD18, see refs 185, 196, and 313. 



is a preponderance of memory T cells that do not reflect 
their frequency in peripheral blood. 

One possible mechanism to account for the selective re- 
cruitment of leukocyte subtypes is the expression of a spe- 
cific combination of endothelial adhesion molecules that will 
preferentially bind certain leukocyte, ie, an endothelial 'area 
code* in the inflamed systemic vasculature analogous to an 
addressin in lymphoid tissue. This possibility is supported 
by the observation that endothelial adhesion proteins exhibit 
some specificity, eg, VCAM-1 binds mononuclear leuko- 
cytes but not neutrophils, E-selectin binds phagocytes but 
only a subset of memory T cells, and P-selectin binds phago- 
cytes, NK cells, and some memory T but not B lymphocytes. 
However, the repertoire of known endothelial adhesion pro- 
teins in the systemic vasculature is somewhat limited, and 
analysis of tissue shows that several or all of the endothelial 
proteins may be expressed at sites of inflammation. More 
likely, additional levels of control are required to produce 
selective recruitment. 

A model of leukocyte -endothelial cell recognition has 
been proposed that emphasizes combinatorial strategies to 
achieve diversity and specificity. 23 * 324,323 There are three key 
components in this model as first proposed by Butcher 324 : 
primary adhesion receptors (selectins), activating factors or 
triggers, and activation-dependent adhesion receptors (inte- 
grins) (Fig 4). Given the limited number of known selectin- 
carbohydrate and integrin-Ig-like Iigand interactions avail- 



able and the redundancy of their expression in vivo, the 
major increment in the specificity and diversity in this model 
arises from the plethora of potential triggering molecules. 
Activating factors include the following: (1) cytokines and 
inflammatory mediators that induce expression of selectins 
and their ligands (eg, IL-1 and TNF-a for E-selectin, L- 
selectin ligand, and P-selectin); (2) cytokines that induce 
expression of endothelial ligands for leukocyte integrins (eg, 
TNF-a and IL-1 for ICAM-1 and VCAM-1; IFNy for 
ICAM-L; IL-4 for VCAM-1); and (3) chemoattractants, lipid 
mediators, and cytokines that activate integrin receptors. 
Chemoattractants include peptides such as C5a and formyl 
peptides that activate phagocytes, and, particularly, the ex- 
panding chemokine family of chemoattractant proteins 4 ' 2 
that are able to attract leukocyte subtypes preferentially (eg, 
IL-8 for neutrophils and lymphocytes, RANTES for mono- 
cytes, eosinophils and memory T cells, and MCP-1 for 
monocytes). Lipid mediators that act as trigger molecules 
include leukotrienes and PAF for phagocytes. Among the 
cytokines are many that modulate leukocyte adhesive func- 
tion including TOF-a, 4 ' 3 - 4 ' 4 GM-CSF, 402 " 4,3 - 4n MCP-1, 4 ' 8 IL- 
3, 417 and IL-5. 396419 

The three selectins and their multiple carbohydrate ligands 
and the five integrins and their I g- like ligands, together with 
the dozen or more triggering molecules, provide for suffi- 
cient combinatorial diversity to allow selective recruitment 
of leukocyte subclasses. 324,325 For example, both neutrophils 
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and monocytes bind to the induced L-selectin ligand, P- 
selectin, E-selectin, and ICAM-1. Even when all of these 
endothelial adhesion molecules are expressed, selective re- 
cruitment of neutrophils should occur if IL-8 is the major 
local chemoattractant. Similarly, monocytes should accumu- 
late preferentially when MCP-1 predominates. The traffic of 
eosinophils to sites of allergic reaction might result from the 
generation of IL-3, IL-4, IL-5, and GM-CSF by T H2 cells. 420 
As discussed previously, IL-4 induces VCAM-1 but not E- 
selectin, and would therefore augment the emigration of eo- 
sinophils and mononuclear leukocytes but not neutrophils 
that lack VLA-4. Selective activation of eosinophil integrins 
by IL-5 or other cytokines or chemokines would promote 
their adherence and transmigration, leading to eosinophil 
accumulation. 

Experimental support for this combinatorial model will 
come from in vivo studies correlating the recruitment of 
leukocyte subclasses with the local expression of endothelial 
adhesion molecules, cytokines, and chemokines. 

ANTI-ADHESION THERAPY IN ANIMAL MODELS OF 
HUMAN DISEASE STATES 

In the past several years there have been numerous reports 
describing the systemic administration of MoAbs to inhibit 
leukocyte adhesion to endothelium in models of inflamma- 
tion or immune reaction. The majority of these ' 'anti-adhe- 
sion* ' studies have involved the use of MoAbs directed 
against CD1 la, CD! lb, or CD 18 because these were some 
of the first reagents to be developed. Prior reviews have 
listed the results of these studies, 18185196 - 313 and they will not 
be reiterated in this article. Instead, Tables 1 and 2 focus on 
animal models involving anti-adhesion therapy directed to 
endothelial adhesion proteins and leukocyte adhesion pro- 
teins other than CD11/CD18. 

Animal models of human diseases in which neutrophils 
play a dominant role include models of ischemia/reperfusion 
and acute inflammation (Table 1). In the former, vascular 
occlusion initiates endothelial damage that is subsequently 
exacerbated after reperfusion by activation of the inflamma- 
tory system and the adherence of neutrophils. 

Animal models of disorders in which mononuclear leuko- 
cytes play a dominant role include organ transplantation with 
allograft rejection and chronic inflammatory disorders (eg, 
models of rheumatoid arthritis and demyelinating diseases) 
(Table 2). 

Although most studies have used MoAbs to block leukocyte 
adherence to endothelium, other specific approaches have 
been tested in vivo. An L-selectin -Ig chimera was shown 
to inhibit early neutrophil accumulation in inflamed mouse 
peritoneum. 335 More recently, an SLe*-oligosaccharide was 
shown to inhibit cobra venom factor- and IgG-induced acute 
lung injury in rat models and myocardial reperfusion injury 
in the cat. 466 " 468 Other potential approaches to specific "anti- 
adhesion" therapy that will likely soon be tested in in vivo 
models include blocking peptides (eg, 46 ^* 76 ), soluble integrin 
receptors, anti sense oligonucleotides, 477,478 and drugs that se- 
lectively block the signaling pathways involved in the induc- 
tion of endothelial adhesion proteins or the modulation of 



integrin avidity. Given the therapeutic potential, additional 
strategies will undoubtedly emerge. 

SUMMARY 

In the 9 years since the last review on leukocyte and 
endothelial interactions was published in this journal many 
of the critical structures involved in leukocyte adherence to 
and migration across endothelium have been elucidated. 
With the advent of cell and molecular biology approaches, 
investigations have progressed from the early descriptions 
by intravital microscopy and histology, to functional and 
immunologic characterization of adhesion molecules, and 
now to the development of genetically deficient ani- 
mal s i*.2i<U40.479 ^ ^ first phase j ^ of « 'antj.adhesion' ' 

therapy in humans. 465 The molecular cloning and definition 
of the adhesive functions of the leukocyte integrins, endothe- 
lial members of the Ig gene superfamily, and the selectins 
has already provided sufficient information to construct an 
operative paradigm of the molecular basis of leukocyte emi- 
gration. The regulation of these adhesion molecules by 
chemoattractants, cytokines, or chemokines, and the interre- 
lationships of adhesion pathways need to be examined in 
vitro and, particularly, in vivo. Additional studies are re- 
quired to dissect the contribution of the individual adhesion 
molecules to leukocyte emigration in various models of in- 
flammation or immune reaction. Certainly, new adhesion 
structures will be identified, and the current paradigm of 
leukocyte emigration will be refined. The promise of new 
insights into the biology and pathology of the inflammatory 
and immune response, and the potential for new therapies 
for a wide variety of diseases assures that this will continue 
to be an exciting area of investigation. 

NOTE ADDED IN PROOF 

Since the submission and revision of this manuscript the crystal 
structure of E-selectin has been reported (Graves et al: Nature 
367:532, 1994). Mutagenesis studies of the lectin region confirmed 
the importance of arginine 97 and lysine 113 in ligand binding. 
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Summary 

Leukocyte migration from circulation into tissue depends on leukocyte integrin-mediated ad- 
hesion to endothelium, but intcgrins cannot function until activated. However, it remains to be 
understood how tumor cells adhere to endothelium and infiltrate into underlying tissue. We 
studied mechanisms of extravasation of leukemic cells using adult T cell leukemia (ATX) cells and 
report the following novel features of cell surface heparan sulfate proteoglycan on ATL cells 
in ATL cell adhesion to endothelium: ATL cells adhere to endothelial cells through already 
activated integrins widiout exogenous stimulation; different from any other hematopoietic 
cells, ATL cells express a characteristic heparan sulfate capable of immobilizing heparin-binding 
chemokine macrophage inflammatory protein (MlP)-l(i, a potent T cell integrin trigger, pro- 
duced by' the cells themselves; competitive interruption of endogenous heparan sulfate pro- 
teoglycan synthesis reduces cell surface MIP- 1 P and prevents. ATL cells from;integrin-medi- 
ated adhesion to endothelial cells or intercellular adhesion molecule- 1 triggered through 
G-protein. We propose that leukemic cells adhere to endothelial cells through the adhesion 
cascade, similar to normal leukocyte, and that the cell surface heparan sulfate, particularly on 
ATL cells, is pivotally involved in chemokine-dependent autocrine stimulation of integrin trig- 
gering by immobilizing the chemokine on them. 



Leukocyte migration from circulation into tissue is un- 
derstood to involve, in a coordinated sequence of 
events, stabilizing adhesion molecules both on the leuko- 
cyte and on the endothelium (1-4). The adhesion is medi- 
ated by leukocyte integrin binding to endothelial ligands 
(5). However, leukocyte integrins cannot function until 
diey are activated and integrin triggers are essential to the 
integrin-mediated adhesion in which a signal transduced to 
the leukocyte coverts the functionally inactive integrin to 
an active adhesive configuration (1, 3). We have reported 
that the chemokine macrophage inflammatory protein-l($ 
(MlP-lp) 1 triggers integrin and induces adhesion of T cell 



* Abbreviations used in this paper: ATI*, adult T cell leukemia, FGF, fibro- 
blast growth factor; HEX-u-xyloside, hcxyl-p-ij-xyloside: HUVEC, hu- 
man umbilical vein endothelial cells; ICAM. intercellular adhesion mole- 
cule; MIP-13, macrophage inflammatory protein- 10; NAP-D-xyloside, 
(6-liydrox>*l)-2-naphthyI-^-D-xylosidc, NAP^.-xyloside, (6-hydroxyl)- 
2-naphthyl-p-L-xyloside. 



subsets to endothelial integrin ligands (6). IVecent papers and 
reviews have supported the potential importance of chemo- 
kines in inflammatory responses that various other chemo- 
kines, as well as MFP-lp, produced in large amounts from 
inflamed tissues trigger integrins on leukocytes and mono- 
cytes which leads to their accumulation in the tissues (4, 7). 
Furthermore, we and others have proposed that chemo- 
kines MIP-lp and IL-8 recruit leukocytes most efficiently 
when immobilized on the luminal surface of endothelium 
and that heparan sulfate proteoglycan on the endothelium 
immobilize the chemokines in this process without being 
washed away by the blood flow (6, 8—10). 

Heparan sulfate proteoglycan is posttranslationally modi- 
fied by the addition of heparan sulfate glycosaminoglycan 
side chains made up of long and linear disaccharidc subunits 
at serine residues of core protein, some of which are in the 
extracellular matrix, while others are integral membrane 
proteins (11, 12). Various cytokines and growth factors 
such as all the chemokines* EL-7, GM-CSF, fibroblast growth 
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factor (FGF), TGF, and hepatocyte growth factor possess 
heparin-binding sites, which allow these proteins to bind to 
heparan sulfate proteoglycan (13-17). These factors interact 
in functionally important ways with heparan sulfate in sev- 
eral contexts: (a) extracellular matrix heparan sulfate pro- 
teoglycan binds these factors such as FGF as a reservoir (18, 
19); (b) cell surface heparan sulfate interacts with these fee- 
tors, e.g., FGF, to facilitate their binding with the primary 
high affinity receptor on die same cells; and (c) we and others 
have proposed that cell surface heparan sulfate immobilize 
the factors such as GM-CSF and MI1M0 and present them 
to their primary receptor on anodier cell (6, 17). Further- 
more,~heparan sulfate enhances formation of cytokine mul- 
timers. which facilitates cross-linking of the cytokine re- 
ceptors. 

The extravasation of rumor cells which is one important 
step of tumor metastasis is mediated by tumor cell adhesion 
to endothelial cells (20, 21). However, it remains to be un- 
derstood how tumor cells adhere to endothelium and sub- 
sequently infiltrate into underlying tissue. We have ad- 
dressed the mechanism of extravasation of leukemic cells 
using adult T cell leukemia (ATL) cells. ATL is a unique 
and useful model to assess the extravasation, since ATL is a 
peripheral CD4 1 T cell malignancy' caused by infection 
widi HTLV-I and since ATL shows a marked increase of 
peripheral ATL cells with monoclonal growth and severe 
infiltration into multiple organs in an acute phase (22-24). 
The present report demonstrates that heparan sulfate pro- 
teoglycans are abundandy expressed on the surface of ATL 
cells and ATL cell lines, whereas any other hematopoietic 
cells and cell lines which we have screened do not express 
: the inv and .proposes that the heparan sulfate proteoglycans ; 
on ATL cells which immobilize integrin-triggering chemo- 
kine in an autocrine mechanism play a pivotal role in the 
continuous triggering of integrin and facilitation of ATL 
cell adhesion to endothelial cells. 



Materials and Methods 

ATL Ceils and ATL Cell Lines. 18 patients with ATL and 
one case of chronic T cell leukemia which is not infected with 
HTLV-1 as a control four established HTLV-I-infected T cell 
lines, MT-1, MT-2, HUT-102, and SALT-3 (from K. Sagawa, 
University of Kurumc. Kumme, Japan, and I. Miyoshi, Kochi 
Medical University, Kochi, Japan) were used. ATL was diagnosed 
according to the clinical features, hematological findings, senim 
anybodies against HTLV-I, and monoclonal integration of 
HTLV-1 proviral genome (22, 23). Highly purified CD4 + T cells 
and ATL cells were prepared by exhaustive negative selection (3) 
from PBMC of normal donors and ATL patients using magnetic 
beads (Dynal, Oslo, Norway) and multiple-annbody cocktail 
consisting of CD 19 mAb FMC63, CD16 mAb 3G8, CDUb 
mAb NIHllb-1, and CD14 mAb 63D3. 

Antibodies and Other Reagents. The following inAbs were used 
as purified Ig in preparation of T cells and ATL cells, staining and 
analysis of cell surface molecules, blocking of cellular adhesion; 
anti-heparan sulfate inAb HK249 which was locally established 



(25) and 10£4 (Seikagaku Kogyo, Tokyo, Japan), activated LFA-1 
mAb NKI-L16 (C. Bgdor, University Hospital, Nijmegen, Neth- 
erlands) (26), CD19 mAb FMC63 (H. Zola, Flindens Medical 
Center, Bedford Park, Australia), CDllb mAb NIHllb-1. 
CD49d (very late antigen [VLA]-4) mAb NIH49d-l, CD54 (in- 
tracellular adhesion molecule [ICAM]-!) mAb 84H10 (S. Shaw, 
National Institutes of Health [NIH], Bethesda, MD), C049d 
mAb HP2/1 (F. Sanchez-Madrid* The Princess Hospital, Madnd, 
Spain) (27, 28), CD16 mAb 3G8 (D. Siegel, Bethesda. MD), CD2 
mAb MAR206 (A. More tea, University of Genova, Geneva, It- 
aly), CD62L (L-selectin) mAb Leu-8 (Becton Dickinson Japan, 
Tokyo, Japan), CD14 mAb 63D3, CD1 1a (LFA-lct) mAb TS1/ 
22, MHC class I mAb W6/32, control mAb Thyl.2 (ATCC, 
Rockville, MD). ICAM-1 was punfied by .affinity column chro- 
matography from the R.eed- Sternberg cell line L428 as previously 
described (3, 29). (6-hydroxyl)-2-naphthyl-P-r>-xyloside (NAP- 
D-xyloade) which is a competitive inhibitor capable of interrupting 
endogenous heparan sulface— and chondroitin sulfate— proteoglycan 
biosynthesis, its nonfunctional isomer (6-hydroxyl)-2-naphthyl- 
(3-r-xyloside (NAP-L-xyloside), and hexyl-p-n-xyloside (HEX- 
D-xyloside) which competitively interrupts endogenous chondroitin 
sulfate- but not heparan sulfate— proteoglycan synthesis were de- 
veloped as previously described (30, 31, and manuscript in prepa- 
ranon). 

Adhesion Assay. Adhesion assay of ATL cells and cell lines to 
human umbilical vein— derived endothelial cells (HTJVEC) or pu- 
rified ICAM-1 glycoproteins was performed as previously de- 
scribed (3, 29). HUVEC were applied to 48- well culture plates 
(Costar Corp., Cambridge, MA) coated with 2% gelatin and were 
cultured to confluence in DMEM (Nissui, Tokyo, Japan) con- 
taining 100 U/mJ penicillin G, 100 U/ml streptomycin, 20% 
heat-inaenvated FCS, endothelial mitogen 20 jig/ml (Biomedical 
Technologies, Stoughton, MA) and heparin (10 U/ml).. After 
washing with PBS, HUVEC were stimulated with 1 ng/ml IL-lp 
(ptsukar Tokyo. Japan) foM h at -3^(2. Purified; IGAM 7 1 (50 
ng/well) was applied to the 48-well plates in Ca/Mg-free PBS at 
4°C overnight. Binding sites on the plastic were subsequendy 
blocked with Ca/Mg-free PBS/3% HSA (Green-Cross, Osaka, 
Japan) for 2 h at 37°C to reduce nonspecific attachment. The 
plates were washed three times with PBS before the addition of 
T cells. 2 X 10 5 T cells, ATL cells, and ATL cell lines, which 
were labeled with 5l Cr (DuPont NEN, Wdmington, DE) in 
RPMI 1640 (Nissui) with 1% HSA, were added to the culture 
with or wirhout relevant adhesion-blocking mAb in the presence 
or absence of PMA (10 ng/ml, Sigma Chemical Co., St. Louis, 
MO) which is a pharmacologically relevant trigger for integrin 
adhesiveness. All mAbs were used at a saturating concentration of 
10 u-g/ml, which was shown in previous studies to maximally in- 
hibit the relevant adhesive interaction {3). After a settling phase of 
30 nun at 4°C, which also allowed mAb binding, plates were rap- 
idly wanned to 37°C for 30 min. Then, the plates were gently 
washed twice with RPMI 1640 at room temperature to remove 
nonadherent T cells and ATL cells completely. Contents of each 
well containing adherent T cells or ATL cells wore lysed with 
250 jxl of 1% Triton X-100 (Sigma), and y emissions of well con- 
tents were deterrnined. Data are expressed as mean percentage of 
binding of indicated cells from a representative experiment. 

Flow Microfluorometry. Staining and flow cytometric analyses 
of freshly obtained ATL cells or normal T cells were earned out 
bv standard procedures as already described using a FACScan* 
(Becton Dickinson and Co., Mountain View, CA) (3). Bnefly, 
cells (2 X 10 5 ) were incubated with negauve control mAb thy! .2, 
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Figure 1. Spontaneous adhesion of ATL cells to IL-1 (J— 
activated HUVEC. Adhesion of resting or PMA-acu- 
vated peripheral normal CD4 + T eelk, ATL cells freshly 
obtained from periphery of three representative ATL pa- 
tients. CD4~positive leukemic cells from a patient with 
HTLV-I— negative T cell leukemia and four ATL cell lines, 
MTl. MT2, SALT-3. and HUT- 102 which were labeled 
with "Or to IL-1 fj-acovated HUVEC, was assessed after 
the 30- mm incubation at 37°C. y Emissions of the lysates 
of only adherent cells were determined. Data are expressed 
as mean percentage of binding -of -indicated cells - from a - 
representative experiment 



L-selectin (CD62L) mAb Leu-8, LFA-1 (CUlla) inAb TS1/22, 
VLA-4 (CD49d) rnAb NlH49d-l, CD2 mAb MAR206, acti- 
vated LFA-1 mAb NKI-L16, anti-heparan sulfate mAb HK249 
(25), or 10E4 in FACS® media consisting of HBSS (Nissui, To- 
kyo, Japan), 0.5% HSA, and 0.2% NaN 3 (Sigma) for 30 min at 
4°C. After washing the cells with FACS* media three tames, the 
cells were further incubated with FITC -conjugated goat anti- 
mouse IgG Ab for 30 min at 4°C. After washing and incubating 
with irrelevant mAbs, the cells were further incubated with CD4- 
PE (Fujisawa, Osaka, Japan) for 30 nun at 4°C. The staining of 
cells with the mAbs was detected by the gating on CD4-positive 
cells using a FACScan®. Amplification of the mAb bmding was 
provided by a three-decade logarithmic amplifier. 

Northern Blot Analysis . For Northern blot analysis, total cellu- 
lar RNA was isolated from freshly obtained normal T cells, ATL 
cells, and ATL cell lines by using single-step isolation procedure 
•1(32).* The "PlNA (1 0- u,g) was electxophoresed on 1 %^agarose gel: : 
and was blotted onto nylon membrane filters (Amersham Corp., 
Arlington Heists. IL). EcoRI fragment of pAT 744 MIP-lp 
cDNA (U. Siebenlist, NIH, Bethesda. MD) (33) and p-actin 
cDNA (P.E. Auron, Harvard Medical School, Boston, MA) were 
labeled with [ 32 P]dCTP and subsequent Northern blot analysis 
was performed. 

EUSA Assay of MIP-1& in Supernatant or Cytosol of ATL 
Cells, Freshly obtained normal T cells and ATL cells (10 6 ) were 
washed in PBS and lysed with 250 u.1 of PBS containing 2% 
N-ocTyl-P-D-glucopyraide (Sigma). The culture supematants were 
coUected from normal T cells (10*) and ATL cells (10 6 ) after the 
24-h incubation in RPMI 1640 with 5% FCS at 37°C without 
any stimulation. The MlP-lp protein levels in each sample were 
measured by MIP-lp ELISA system (R&D Systems, Minneapo- 
lis, MN). The sensitivity of the assay is 4.0 pg/ml of M IP- 1(5 and 
it was not affected by the presence of /V-octyl-p-D-glucopyraide 
at the concentration used to lyse cells. Results were expressed in 
nanograms per milliliter per 10 s cells. 

Immunofluorescence Staining of Cell Surface Heparan Sulfate, and 
MIP-1f3. Freshly obtained ATL cells and ATL cell line MTl 
were cultured with or without 1 niM NAP-D-xyloside for 5 h at 
37°C or were treated with the mixture of 100 mU/ml heparia- 
nase I and II fur 2 h at 37°C After putting the cells on glass slides 
by cytospin, indirect immunofluorescence was performed with 
anti— heparan sulfate mAb HK249 and PE-conju gated ana— rat 
IgG (Fujisawa) or anti-MlP-l(3 Ab (U. Siebenlist) (33) and FTTC- 
conjugated anti— rabbit IgG (Fujisawa). The staining was analyzed 



with a fluorescence microscope (Epi-fluorescencc Condense TV 
Fl; Zeiss, Oberkochen, Germany). 



Results 

ATL Cells and Cell Lines Spontaneously Adhered to HUVEC. 
ATL is a characteristic leukemia which shows a marked in- 
crease of peripheral ATL cells and their severe infiltration 
into multiple organs in an acute phase (22—24). Leukocyte 
migration from circulation into tissue depends on leuko- 
cyte integrin— mediated adhesion to endothelial cells. Be- 
cause leukocyte integrins cannot function until activated, 
the regulation of integrin-dependent adhesion is critical to 
the migration of virtually all the hematopoietic cells (1, 3). 
For instance, as t shqwn in 

did not bind to IL-1 ^activated HUVEC, whereasT cells 
activated with PMA, which is one potent integrin trigger, 
adhered to them well; CD4-posirive leukemic cells from a 
patient with HTLV-I— negative T cell leukemia also did not 
bind to HUVEC. However, both ATL cells freshly ob- 
tained from three representative ATL patients and four 
ATL cell lines, MTl, MT2, SALT-3, and HUT-102, 
spontaneously bound to HUVEC without any exogenous 
stimuli after the 30-rnin incubation. 

ATL Cells and Cell Lines Expressed Activated LFA-1 and 
Heparan Sulfate on the Cell Surface, Leukocyte selectins and 
integrins mediate its adhesion to endothelial cells (1). Next, 
we assessed the expression of these adhesion molecules on 
freshly obtained ATL cells using a flow cytometer (Fig. 2). 
Although it was assumed that ATL cells (Fig. 2, group B) 
might express these adhesion molecules more than normal 
T cells (Fig.2, group /I), integrin LFA-1 and CD2 were 
equally expressed on ATL cells with normal CD4 + T cells 
(Fig. 2, b and d) and L-selectin and VLA-4 were rather de- 
creased on ATL cells compared with CD4* T cells (Fig. 2, 
a and c). However, it is of interest that NKJ-L16 mAb 
which binds to functionally activated LFA-1 (26, 34) re- 
acted significantly highly with most of the freshly obtained 
ATL cells, compared with resting CD4 + normal T cells 
(Fig. 2 e). The mean fluorescence intensity for NKI-L16 
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Figure 2. PI idiotypic analysis of fresh ATL cells fay flow 
cytomcccr. Staining and flow cytometric analyses of 10 
resting penpheral norma] CD 4* T cells (group A) and 
ATL cells freshly obtained from periphery of 1 8 ATL pa* 
tients (group B) were carried out with (a) L-sclectui 
(CD 621.) mAb Leu-S. (b) LFA-1 (CDlla) mAb TSl/22, 
(3 VLA-4 (CD49d) mAb NIH49d-l, (d) CD2 mAb 
MAR206, (f) . an uactiyate d form of LFA-1 mAb NK1-L16. 
(/) anti-heparan sulfate mAb HK249 using FACScan* 
Each point shows the percent posttivity of the binding of 
indicated mAbs compared with control niAb Thy 1 .2 from 
individual persons The bars indicate mean ± SD of each 
group and the asterisks show an overall statistical signifi- 
cance of P <0 01 (Student's f test). 



staining was also higher in ATL cells than that in normal 
CD4 + T cells (285 ± 79 vs. 146 ± 31, P <0.01 by Stu- 
dent's t test). All the ATL cells also expressed MHC class II 
antigens, CD25 and CD69, regarded as activation markers 
(data not shown). The results suggest that spontaneous ad- 
hesion of ATL cells to endothelium depends on already 
triggered/activated integrins rather than the quantity of the 
integrins expressed on ATL cells. 

Furthermore, it is worthy of note that all the ATL cells 
and cell lines expressed heparan sulfate proteoglycan on the 
cell surface detected by HK249 mAb, which possesses sharp 



specificity for tumor type (O-sulfate deficient) heparan sul- 
fate chains (25), but resting T cells did not at all (Fig. 2 J). 
As far as we have done, none of both resting and cytokine 
or lectin -activated cells from hematopoietic origin ex- 
pressed the heparan sulfate (data not shown). The heparan 
sulfate on one representative ATL patient and ATL cell line 
MT1 was also detected by another anti— heparan sulfate 
niAb 10E4 (Fig. 3, B and £). The expression was reduced 
by the pretreatment of ATL cells or MT1 with the mixture 
of 100 mU/ml heparitinase I and II for 2 h at 37°C (Fig. 3, 
C and /-), whereas the expression of LFA-1 on ATL cells 
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Figure 3. Expression of hepa- 
ran sulfate on ATL cells and 
ATX cell line MT1. The expres- 
sion of heparan sulfate on ATL 
cell line MT1 (A. B, C. C. H. 
and t) and one representative 
ATL patient (D-f) which were 
pretreatcd with (C, F, and I) or 
without (H, E, and M) the mix- 
ture of 100 mU/ml hepantinase 
I and II for 2 h at 37°C was de- 
tected by an ti— heparan sulfate 
mAb 10E4 (&*, C £. and F) or 
anti-LFA-1 (CD1U) mAb TS1/ 
22 (H, /) using FACScan® y^axis 
represents the histogram of cell 
number stained with mAbs in 
each loganthmic scale of fluores- 
cence amplifier. Thy 1.2 mAb 
was used as a negative control of 
the stainniK (A* A ariJ Q- 
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Figure 4. Spontaneous MEP-lfJ mRNA transcription on ATL cells and 
cell lines. For the Northern blot analysis, total cellular RN A was isolated 
from HUT-102 (lane a) and MT2 (lane fc), three representative ATL pa- 
tients (lanes c-f), and nonnal CD4 + T cells (lanes g and k) and Northern 
blot analysis was performed using pAT 744 MIP-lp cDNA and B-actm 
cDNA. 



was not affected by the treatment (Fig. 3, H and i). Thus, 
different from any hematopoietic cells which we have ex- 
amined, ATL cells characteristically and specifically ex- 
pressed heparan sulfate proteoglycan on their surface. 

ATL Cells and Cell Lines Spontaneously Produced Chemo- 
kine We and others have reported that ATL 

cells produce multiple cytokines including IL-l, IL-6, and 
TNF-a (35-37). ATL cell lines MT2 and HUT- 102 and 
four representative freshly obtained ATL cells spontane- 
ously synthesized large amounts of MIP-lp mRNA by 
Northern blot analysis, whereas normal T cells did not (Fig. 
4). Furthermore, freshly obtained ATL cells from periphery 
of the patients produced significantly high amounts of 
. M1P- 1 P proteip ; in the culture supernatant as well as in the 
cytosol without any stimulation, compared with normal T 
cells (Fig. 5). MIP-lp is a member of chemokine family 
which is now understood to trigger leukocyte integrin and 
to induce its adhesion, e.g., MIP-ip and MlP-lct for T cell 
subsets and IL-8 for neutrophils (6, 9, 38), all of which 



were also produced by ATL cells (data not shown). Thus, 
ATL cells spontaneously produced multiple pro adhesive 
chemokines. 

MlP-tp Was Expressed on the Surface of ATL CeUs and Its 
Expression Was Reduced by the Interruption of Heparan Sulfate- 
Proteoglycan Synthesis. As shown in Fig, 6 A % heparan sul- 
fate was strongly detected on ATL cell line MT1, by im- 
munofluorescence staining using anti-heparan sulfate mAb 
HK249. Of note is that MIP-lp was also comparably stained 
with anti-MIP-ip Ab on the surface of not only MT1 (Fig. 
6 D) but also freshly obtained ATL cells (Fig. 6 G). Chemo- 
kines including MIP-lp possess heparin-binding sites (39) 
and we and others have proposed that cell surface heparan 
sulfate proteoglycan immobilizes chemokine (6, &— 10). In- 
terestingly, when MT1 or ATL cells were pretreated with 
the mixture of 100 mU/mJ heparitinase I and II for 2 h, the 
expression of MIP- 1 p as well as heparan sulfate on the sur- 
face was markedly reduced (Fig. 6, B, E, and H), Further- 
more, pre treatment of MT1 and ATL cells with 1 mM NAP- 
D-xyloside for 5 h which interrupts endogenous heparan 
sulfate proteoglycan biosynthesis (30, 31, and manuscript in 
preparation), resulted in suppression of cell surface MIP-lp 
(Fig. 6, Fand I). These results indicate that ATL cell-derived 
MIP-lp appeared to be retained on the ATL cell surface 
through binding to heparan sulfate chains of proteoglycan 
expressed on ATL cells. 

Heparan Sulfate Was Involved in the Spontaneous Adhesion of 
ATL Cells. Finally, we assessed if the heparan sulfate is 
involved in the spontaneous adhesion of ATL cells and 
MT1 to HUVEC. MT1 (Fig. 7 A) and freshly obtained 
ATL cells (Fig. 7 B) without stimulation and PMA-acti- 
vated peripheral nonnal T cells (Fig. -7 G) adhered to IL- l - 
activated HUVEC well. However, when MT1 and ATL 
cells were pretreated with NAP-D-xylosidc, the adhesion 
was inhibited in a concentration-dependent manner, whereas 
its nonfunctional isomer NAP-L-xyloside did not affect the 
adhesion (Fig. 7, A and B). Neither NAP-o-xyloside nor 
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Figure 5- Spontaneous MJP-1B producnon 
from ATL cells. The cytokine levels in cytosol 
(A) of nonnal CD4+ T cells (group A) and 
ATL cells freshly obtained from periphery of 
ATL patients (group B) or culture supernatant* 
(fl) collected from the norrrul CD4 + T cells 
(group A) or the ATL cells (group B) after the 
24-h incubanon at 37°C without any stimula- 
tion were determined by MIP-tB ELISA sys- 
tem. Each point shows the quantity of MIP-1B 
in the tysate or the supernatant derived from 10 5 
cells of individual persons. The bars indicate 
mean ± SD of each group and the asterisks 
show an overall sutuncal significance of P <0.01 
(Student's ( test). 
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Figure 6. Expression of heparan sulfite and MIP-1 fi on ATL cells and MT1 subjected to xyloside interrupnon of heparan .sulfate proteoglycan biosyn- 
thesis and enzymatic digestion of heparan sulfate chains. MT1 (A-F) and fresh ATL cefls from one representative patient (C-J) were cultured without 
(A* D, and G) or with 1 mM NAP-n-xyloside for 5 h at 37®C {B t P, and i f) or were treated with the mixture of 100 mU/m] hepantinase 1 and 11 for 2 h 
at 37°C (C, F, and I). Indirect immunofluorescence was performed with anti-hep aran sulfate mAb HK249 and PE -conjugated anti-rat I(ifC C^-Q or 
anti-MIP-lp Ab and FITC-conjugated anti-rabbit IgC (O-l) and the expression was observed by fluorescence microscopy (X 1,000). 



NAP-i.-xyloside afFected the adhesion of PMA-activated 
normal T cells, which did not express heparan sulfate to 
HUVEC (Fig. 7 Q. 

MT-1 also spontaneously adhered to purified ICAM-1, 
an endothelial ligand for the integnn LFA-1 and it was in- 



hibited by the pretreatment with NAP-n-xyloside, whereas 
neither NAP-l-xyloside nor HEX-D-xyloside did affect the 
adhesion (Fig. 8). Furthermore, both the adhesion of MT1 
to purified ICAM-1 (Kg. 8 A) and to IL-l-activated HUVEC 
(Fig. 8 B) was reduced by the pretreatment of MT1 with 
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Figure 7. The effect of particular xylosule 
on the adhesion of ATL cells and MT1 to 
IL-l-activated HUVEC. {A) MT1, <B) 
fresh ATL cells, and (Q PMA-acavatcd 
normal T ceDs were preincubated with or 
. without -indicated, concentration _of _ NAP- 
o-xylosde {dense tine) or NAP-i.-xyloside (dot- 
ted tine) for 5 h at 37°C and adhesion assay 
of obtained cells to IL-l -activated HUVEC 
was performed as in Fig. 1. Data arc ex- 
pressed as mean percentage of binding of in- 
dicated cells from a representative experi- 
ment. 



1 jjug/ml pertussis toxin, ADP ribosylates which uncouple 
certain G-protein from its complex. mAb-blocking studies, 
in which MTl-adhesion to ICAM-t or activated HUVEC 
was inhibited by anti-LFA-1 /VLA-4 mAbs or anti-LFA-1 
mAb (10 (xg/ml), respectively, indicated that the adhesion 
was mediated by ATL cell integrins and their endothelial 
ligands. Thus, the results suggested that heparan sulfate was 
involved in integrin-mediated adhesion of ATL cells to en- 
dothelial integrin ligands, which might be activated through 
G-protein. 



Discussion ~ ■ - 

The cell surface heparan sulfate in the form of proteogly- 
can is known to immobilize heparin-binding cytokines or 
growth factors, affecting cell growth/adhesion and modu- 



lating clinically relevant events such as inflammation and 
tumor metastasis (11, 14, 18). Here we demonstrate three 
pivotal points for the mechanisms of how heparan sulfate 
amplifies leukemic cell adhesion to endothelium, using 
ATL cells, which show a spontaneous adhesion to HUVEC 
in vitro and a tendency of severe infiltration into tissue in 
vivo: (a) suitable heparan sulfate is expressed on ATL cells, 
whereas none of resting and activated cells from hemato- 
poietic origin do express heparan sulfate; (b) cell surface 
heparan sulfate immobilizes, integrin-triggering chemokine 
on ATL cells, since the expression of cell surface chemo- 
^ne^abo^ 

*ran" sulfate-^oi^^ycaSi bios^tries^s oY 
gestion of cell surface-associated heparan sulfate chains; and 
(c) the artificially decreased cell surface heparan sulfate re- 
sults in the integrin-mediated adhesion of ATL cells to en- 
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Figure 8. The adhesion of 
MT1 to IL-l-acavated HUVEC 
and purified ICAM-1. The ad- 
hesion assay of MT1 which 
were pretreated with or without 
1 mM NAP-D-xyloside, NAP- 
L-xyloside, HEX-D-xyloside or 1 
jig/ ml pertussis toxin to (A) pu- 
rified ICAM-1 or (fi) TL-1 -acti- 
vated HUVEC was carried out 
in the presence or absence of in- 
dicated adhesion-blocking mAbs 
(10 tig/ ml). Data are expressed 
as mean percentage of binding of 
indicated cells from a representa- 
tive experiment. 
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Figure 9. Diagram showing the significance of heparan sulfate in ATL 
cell infiltration. We propose that heparan sulfate on ATL cells immobi- 
lizes heparin-binding chemokine MIP-10 derived from ATL cells, by 
which ATL cell lmegnns arc efficiently triggered to adhere to hgands on 
endothelium •.• ~. ,• . 



dothelial cells and purified ICAM-1. Thus, we propose that 
heparan sulfate proteoglycan on the surface of ATL cells 
can be involved in integrin triggering and the cellular adhe- 
sion to endothelial ligands through immobilizing chemo- 
kines (Fig. 9). 

Although the relevance of cell surface heparan sulfate 
proteoglycan to heparin-binding cytokines is emerging 
(13-17), it was difficult to investigate the involvement of 
heparan sulfate in cellular functions. It has been considered 
that suitable xylosides as well as heparitinases should be 
useful to perform these studies. We newly developed 
NAP-D-xyloside. which appears to be appropriate for func- 
tional assessments of heparan sulfate proteoglycan, since this 
compound, but not its L-isomer, is capable of interrupting 
endogenous heparan sulfate— and chondroitin sulfate— pro- 
teoglycan biosynthesis in cytoplasmic organelle such as 
Golgi bodies and also can inhibit the immobilization of he- 
parin-binding cytokines there in advance to posting and 
transferring them to the cell surface (16, 40). Actually, 
NAP-D-xyloside inhibited not only the chemokine expres- 
sion on the ATL cell surface but also the integnn-mediated 
adhesion through triggering by the posting chemokines. Fur- 
thermore, the control, NAP-L-xyloside, and HEX-D-xylo- 
side, which selectively interrupts chondroitin sulfate— pro- 



teoglycan synthesis, did not affect the chemokine expression 
and integrin-mediated adhesion of ATL cells. Thus, the 
newly established xyloside would aUow us to execute pre- 
cise functional investigations in the contexts with heparan 
sulfate on cellular functions. 

It is becoming clearer that the heparan sulfate proteogly- 
can expressed on cellular surface is connected to cytokine 
network by their own bioactive functions as indicated by 
the following: (a) cell surface heparan sulfate interacts with 
basic FGF to facilitate their interaction with high affinity 
receptors on fibroblasts in an autocrine mechanism (41); (b) 
heparan sulfate on stromal ceDs in the bone marrow pre- 
sents -IL=3 and GM=GSF -to- my eloidprogenitors-uvapara- 
crine mechanism (17); (c) heparan sulfate on vessels binds 
and presents not only chemokines such as MIP-1 p and IL-8 
but also hepatocyte growth factor to passing (tethering) leu- 
kocytes without being washed away by the blood flow in a 
juxtacrine system as proposed by us and others (6, 8, 9, 38, 
43). The concept that heparan sulfate proteoglycan can 
bind/hold and present/relay cytokines to the specific recep- 
tors and can induce cellular function have come into the 
involvement of heparan sulfate on ATL cells in chemo- 
kine-mediated integrin triggering. ATL cells produced a 
high quantity of chemokine MIP-1 p and the chemokine 
induced the integrin-mediated adhesion. The chemokine 
receptor is known to be a "serpentine" receptor with seven 
transmembrane domains and is a GTP-binding protein which 
is involved in integrin triggering (43-45). The results that 
pertussis toxin inhibited the integrin-mediated adhesion of 
ATL cells, but not PMA-activated T cell adhesion, and de r 
creased the expression of the activated form of LFA-1 on 
ATL cells recognized by the NKI-L1 6 mAb (manuscript 
in preparation) suggest that MIP-1 P transduced signaling 
through certain G-protein by the binding to its serpentine 
receptor in an autocrine mechanism. The autocrine mech- 
anism of the chemokine mediated by heparan sulfate pro- 
teoglycan would be emphasized in circulating leukocytes 
or leukemia cells. Heparan sulfate proteoglycan is known 
to be synthesized and to bind any heparin-binding cyto- 
kines in the cytoplasmic organelles such as Golgi bodies 
and to be transferred to the cell surface holding the cyto- 
kines (16, 40). Once "free** chemokines are secreted into 
the circulation, they would be washed away by the blood 
flow. However, by the binding to the heparan sulfate, 
chemokine could be practically accumulated on the cellular 
surface and be presented to the particular chemokine receptor 
in an autocrine mechanism efficaciously. Alternatively, it can 
be interpreted that the competitive interruption of heparan 
sulfate-proteoglycan synthesis by NAP-D-xyloside might 
reduce the binding of leukemic heparan sulfate to endothe- 
lial heparin-binding molecules such as CD31. However, 
the adhesion of ATL cells to purified ICAM-1 which does 
not have heparin-binding sites was also inhibited by the re- 
duction of heparan sulfate synthesis equally to the adhesion 
of ATL cells to HUVEC. Thus, we propose here that heparan 
sulfate proteoglycan can be involved in chemokine-medi- 
ated autocrine mechanisms in the circulating leukemia cells. 
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The spontaneous production of MIP-lp might be a char- 
acteristic feature of ATL cells, since the HTLV-I viral 
product tax induces MIP-lp (46). However, as described, 
ATL cells produce multiple cytokines including heparin- 
binding chemokines in addition to MIP-lp, and anti-MIP- 
ip Ab only slightly inhibited the adhesion of ATL cells 
(data not shown), suggesting that MIP-lp is one represen- 
tative chemokine and the involvement of heparan sulfate 
proteoglycan in ATL cellular adhesion would be generalized 
to the adhesion mediated by multiple chemokines. 

An adhesion cascade consisting of tethering, triggering, 
and adhesion, has been proposed to explain the mechanism 
ofnormal~leukocyte-adhesion-to- endothelium~{-l ^4r~ 7— 25)f 
The present communication also suggests that this concept 
can be expanded to leukemic cell migration. Circulating 
ATL cells first tether to endothelium through the loose 
tethering of selectin to its ligand such as sialyl Lewis x , since 
ATL cells express a high density of sialyl Lewis x (47), 
which can effectively lead to the second step of triggering. 
The trigger appears to be essential for the adhesion of ATL 
cells similarly to leukocytes, in which signal transduction 
converts the functionally inactive integrin to an active ad- 
hesive configuration through the G-protein by the heparan 
sulfate— immobilized chemokine. The efficient triggering 
brings high affinity adhesion of ATL cells to endothelium 
and subsequent infiltration into underlying tissues (Fig. 9). 
The densities of heparan sulfate on ATL cells varied among 
patients who had different clinical features and activation 



status. Several reports suggest that expression of heparan 
sulfate depends on the type of tumor cells and that the ac- 
cumulation of cell surface heparan sulfate is correlated with 
metastatic properties of some tumor cells (11, 48). It has 
also been reported that the heparin-binding cytokines such 
as GM-CSF and IL-8 determine the metastatic potential of 
various tumor cells (49, 50). Structural diversity of cell sur- 
face proteoglycan in regard to protein core and heparan 
sulfate chains may provide additional specificity for cyto- 
kine immobilization (39), and differential production of 
heparin-binding cytokines from rumor cells might pre- 
scribe ability of integrin triggering, adhesion to endothe- 

liumrand metastasis— 

Taken together, we propose that cell surface heparan 
sulfate on circulating leukemic cells can induce integrin- 
mediated adhesion through chemokine -mediated autocrine 
mechanisms by posting and relaying chemokine to the re- 
ceptor on the cells. Heparan sulfate appears to have a junc- 
tional role between cytokines and adhesion molecules, the 
two greatest mediators of cellular communication. This is 
the first report to explore the significance of interaction 
among heparan sulfate proteoglycan and heparin-binding 
cytokine for circulating tumor adhesion. Our findings war- 
rant further studies, to see whether different proteoglycans 
and cytokines might bring enormous flexibility to the pro- 
cess of leukemic cell infiltration and tumor metastasis, and 
would introduce new pharmacological approaches to con- 
trol them. 
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1. ABSTRACT 

Macrophages play diverse roles in episodic 
T cell -mediated inflammatory diseases such as 
multiple sclerosis and rheumatoid arthritis, function 
as accessory cells for T cell activation, as pro- 
inflammatory cells, as effector cells which mediate 
tissue damage, and as anti-inflammatory cells which 
promote wound healing. In addition to the many roles 
of V-T- cell^derived cytokines 1 in differentially \v 
modulating these diverse macrophage activities, 
research over the last few years has demonstrated that 
contact-dependent signaling which occurs during T 
cell-macrophage adhesion is a critical triggering event 
in the activation of macrophage function. Substantial 
research emphasis has been placed on CD40 as a 
mediator of contact-dependent signaling. However, 
other membrane-anchored receptor: ligand pairs may 
also contribute to the stimulation of macrophage 
function. This is a brief review of the rapidly 
expanding, but still incomplete, knowledge of how T 
cells, through both contact-dependent and cytokine 
signals, regulate macrophage function during 
inflammatory disease. 

2. INTRODUCTION 

Research over the past decade has rm\y 
begun to unravel the complex interactions between T 
cells and macrophages that are involved irr the 
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pathogenesis of cell-mediated inflammatory diseases 
such as multiple sclerosis. The cellular infiltrates of 
active sclerotic lesions include CD4+ T cells (Thl 
with some ThO and Th2), CD8+ T cells, and 
macrophages (microglia and monocytes) (1-8). The 
types of cells present reflect the state of progression 
of the inflammatory lesion. Macrophages play critical 
accessory, inflammatory, and effector roles in this 
non-septic T cell-mediated inflammatory disease 
(5-9)7* arid tend to be - present? ^throughout the" 
inflammatory process. The development of a cell- 
mediated response is currently hypothesized to 
depend on the differentiation of interferon (IFN)- 
gamma producing Thl cells from activated ThO 
precursors (10,11). The production of interleukin 
(IL)-12 by macrophages clearly plays an important 
role in the maturation of Thl cells (10). Upon 
maturation, these Thl cells, as well as inflammatory 
CD8+ cells, both of which produce IFN-gamma and 
tumor necrosis factor (TNF)-alpha/beta, play a 
dominant role in macrophage activation and 
pathogenesis of the inflammatory lesion (1,3,12-15). 
In contrast, IL4/IL10-producing T cells are 
hypothesized to play a role in down-regulation of the 
inflammatory response (1,3,16). It is these "type 2" 
CD8+ cells that appear to be active in the cellular 
infiltrate of sclerotic lesions that are in remission 
(1,3). 

In addition to the many roles of T cell- 
derived cytokines in stimulation and inhibition of 
macrophage function (13), research over the last few 
years has demonstrated that the critical triggering 
event in activation of macrophage cytokine production 
and effector function is contact-dependent signaling 
during T cell macrophage adhesion (17-24). 
Substantial research emphasis was placed on CD40 
as a mediator of contact-dependent 
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Figure 1. The diverse functions of macrophages! Macrophages are capable of many functional activities and 
contribute both to the initiation of cell-mediated immune response and to the effector limb of those responses. During 
the course of the response, macrophages can display, at different times, both inflammatory and anti-inflammatory 
activities' 



signaling of macrophages. CD40 ligation has "been 
reported to contribute to the induction of accessory 
molecules such as CD80 and CD86 (25-27), to the 
induction of inflammatory cytokines and chemokines 
(27-29), and to the induction of nitric oxide 
generation (24) and metalloproteinase secretion (30). 
However, the observation that T cells from CD40L- 
deflcient mice are capable of contact-dependent 
signaling of macrophages (31) establishes that 
membrane-anchored receptor: ligand pairs other than 
CD40:CD40L can be involved in T cell signaling of 
macrophages. In the following sections, we try" to 
provide a succinct account of T cell signaling, of 
macrophages which, although brief and simplified' fo» 
the sake of clarity, emphasizes the complexity of. the 
cascading cell-cell interactions involved in . a 
relapsing inflammatory autoimmune disease. 

3. MULTIPLE ROLES OF MACROPHAGES IN 
INFLAMMATORY DISEASES. 

The cellular infiltrates of active sclerotic 
lesions are dominated by cells of* the monocytic 
lineage (macrophages and microgtjftLt cells) (6^8). 
These macrophages can display very diverse functions 
in sclerotic lesions (Fig. 1). They can function as 
accessory cells, presenting antigen and providing co- 
stimulatory ligands (e.g., CD80, CD86, and CD48) 
and co-stimulatory cytokines (e.g., IL-1 and IL-1 2) to 
the infiltrating T cells (10,13,32-36). Macrophages 



can be activated to produce prodigious amounts of 
pro-inflammatory cytokines such as TNT-alpha, IL-1, 
and IL-6, chemoattractant cytokines such as IL-8 and 
macrophage inflammatory protein (MIP)-1 alpha/beta 
(13,37), and pro-inflammatory products of 
arachidonic acid metabolism (13,38). 

TNF-alpha, in particular, appears to play a 
critical role in the pathogenesis of experimental 
allergic encephalomyelitis, the murine model of 
multiple sclerosis, insofar as administration of anti- 
TNF-alpha antibodies in vivo inhibits the 
development of experimental allergic 
encephalomyelitis (39). 

Interestingly, in addition to the 
inflammatory and destructive activities listed above, 
macrophages have the potential to contribute to the 
remission of the inflammatory episode, although the 
degree to which they participate in remission has not 
yet been directly assessed. Macrophages can be 
induced to generate toxic reactive oxygen and 
nitrogen intermediates(l 3,40-45) and to secrete 
"tissue restructuring" metalloproteinases (13,46-48), 
each of which have been hypothesized to directly 
contribute to the demyelinization process (49-51). 
Macrophages also can be induced to secrete cytokines 
which inhibit macrophage accessory, inflammatory, 
and effector functions. IL-10, which is produced by 
both macrophages and T cells, down-regulates 
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expression of costimulatory molecules such as CD86 
(52,53), inhibits the production of IL-1 and n$F- 
alpha and reduces generation of reactive oxygen and 
nitrogen intermediates (54-57). Transforming growth 
factor-beta (TGF-beta), which is produced by many 
cell types including macrophages and T cells, also 
inhibits generation of reactive oxygen and nitrogen 
intermediates (58,59), especially in synergy with IL- 
10 (43,57,60), and is hypothesized to play a critical 
role in resolution of inflammatory lesions:- in 
experimental allergic encephalomyelitis. (6 1-63). ' 

4. MECHANISMS OF T CELL-MEDIATED 
INDUCTION OF MACROPHAGE FUNCTIONS. 

The induction of these diverse macrophage 
functions is complex, differentially regulated, arid 
poorly understood. Cytokines can stimulate or inhibit 
many of the macrophage functions described above 
but the modulating effect of many of the cytokines 
depends on the state of activation of the target 
macrophage population, the triggering signal, and 
timing (13,64,65). Although some exceptions fiaye 
been noted, T cell cytokines such as IFN-gamma, 1L- 
4, GM-CSF, and IL-3 generally can enhance 
accessory and co-stimulatory activity (13,29,66^69) 
and IFN-gamma, GM-CSF, and IL-3 can augment 
oxidative burst capacity (70-73). The combination of 
IL-2 plus IFN-gamma has been shown to induce TNF- 
alpha production and the combination of TNF-alpha 
and IFN-gamma have been shown- to -induce nitric 
oxide production (74-79). Thus; cytokines, especially 
the Thl cytokines (IL2, TNF-alpha, IFN-gamma^can 
stimulate inflammatory and tissue destructive 
activities in macrophages. 

In contrast, IL-10, TGF-beta, and, to a 
lesser degree, IL-4 (Th2 cytokines) inhibit : the 
induction of oxidative burst and nitric oxide 
generation (54,57-59,80) and inhibit inflammatory 
cytokine production by macrophages (54-56,61,81), 
but do not affect (or enhance) IL-tRa (IL-1 Receptor 
antagonist), IL-10 and TGF-beta production 
(61,82,83). Thus activated macrophages modulated 
by TGF-beta may display predominantly anti- 
inflammatory activities, such as secretion of IL-IRa, 
IL-10, and TGF-beta. 

•■ • 

Although these cytokines play an important 
role in modulating macrophage function, it is now 
clear that a critical mechanism by which T cells 
trigger these macrophage functions, involves 
engagement of membrane-anchored receptor:ligand 
pairs during heterotypic adhesion between T cells, and 
macrophages. Macrophage accessory, inflammatory, 
effector, and inhibitory functions have all been shown 
to be stimulated by paraformaldehyde fixed activated 
T cells or plasma membranes isolated from activated 
T cells (13,17-24,44,45,47). In each of these systems, 
pre-activation of the T cells is a requirement for cell 



contact-dependent signaling, suggesting the 
involvement of activation-induced membrane- 
anchored ligands on the T cells. 

5. CONTACT-DEPENDENT SIGNALING OF 
MACROPHAGE ACTIVATION. 

CD40:CD40L is the receptonligand pair 
that has received the most attention in the context of 
contact-dependent signaling of B cells and 
macrophages (34,84-87). CD40L is expressed 
transiently upon activation of T cells, with maximum 
expression usually observed at 5-10 hrs (88,89). Anti- 
CD40L antibody interferes with T eel) signaling of 
macrophage accessory function, cytokine production 
and nitric oxide generation (24,25,28). Conversely, 
anti-CD40 antibody (28), CD40L-transfected cells 
(29), or soluble trimeric CD40L (27) induce 
expression of accessory molecules and production of a 
full array of cytokines (IL-1, TNF-alpha, IL-6, IL-10, 
IL-1 2) by macrophages. However, although anti- 
CD40L antibody nearly completely blocks induction 
of IL-1 release and CD80 expression by isolated T 
cell membranes or fixed T cells (25,28), it only 
partially blocks nitric oxide generation and CD86 
expression (24,25). These observations suggested that 
CD40 ligation is not solely responsible for T cell 
contact-dependent signaling. This was confirmed by 
the observation that T cells from CD40L-deficient 
mice can activate macrophage nitric oxide generation 
. yia._ contect-depen^^ t 
CD40L;-deficient T " cells, ~"~ paraforrrialdehyde-fixed 
after being activated for 5 hrs on anti-CD3, lacked the 
ability to signal macrophage nitric oxide production, 
CD40L-deficient T cells, fixed after being activated 
for 24 hrs on anti-CD3, were able to signal 
macrophage nitric oxide production as effectively as 
similarly activated normal T cells (31). This indicates 
that CD40 ligation may dominate signaling early in T 
cell-macrophage interaction but that other receptors 
may become involved later in the interaction. 

Receptors other than CD40 that have been 
reported to signal macrophage function include CD23 
(90,91), CD31 (92), CD38 (93), CD44 (94), CD45 
(45,94), CD69 (95,96), and LFA-3 (94). The most 
abundant data is on CD23. CD23 is the low affinity 
Fc RU and thus is capable of binding complexes of 
antigen and lgE antibody. In addition, CD23 binds 
CD21 (97) and, according to one report, also binds 
CD1 lb and CD1 lc (98). Ligation of membrane CD23 
on macrophages induces production of TNF-alpha, IL- 
6, and nitric oxide (97,99,100). Interestingly, ligation 
of CD2I on the macrophage membrane by soluble 
CD23 also has been reported to induce the production 
of TNF-alpha and IL-1 by macrophages (101,102). 
CD21 (90) and, under more restricted conditions, 
CD23 (103) have been reported to be expressed by 
activated but not by resting T cells. It is therefore 
possible that the CD23:CD21 receptor: ligand pair is 
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Table 1 



Interacting Cell 


Functions Induced 


Role in Inflammatory Response 


Dendritic Cells 


CD80 Expression 


Stimulation of Immune Response 




LL-1 Production 


Histiocytes, Monocytes 


IL- 12 Production 


Development of ThI Cells 


Histiocytes, Monocytes 


Inflammatory Cytokine Production 


Enhancement of Inflammatory Response 


Vascular Endothelial Cells 


Homing/Adhesion , Molecule Expression 


Enhanced Recruitment of T Cells into 




(e.g., VCAM) 


Inflamed Tissue 


Monocytes/Macrophages 


Production of NO, 03*, and 


Tissue Destruction 




metal loproteinases ; 




Macrophages/fibroblasts 


Production of TGFrbeta/Proliferation 
• 


Tissue Repair/Remission 



Ligation of CD40 on myeloid cells, endothelial cells, and fibroblasts can induce a wide range of functional activities 
which could contribute to essentially every aspect of cell-mediated inflammatory responses. 



involved in T cell-mediated signaling of sdme 
inflammatory macrophage functions. 



6. ROLE OF CONTACT-DEPENDENT 
SIGNALING IN AUTOIMMUNE DISEASE. . 

* 

The role of contact-dependent signaling iff 
the development of experimental allergic 
encephalomyelitis has been shown dramatically using 
transgenic B10.PL mice expressing the T cell 
receptor- reactive with -the encephalitogenic peptide < 
(Acl-li) of myelin basic protein. Transgenic CD40L- 
deficient mice, unlike +/+ transgenic mice, do not 
develop acute experimental allergic 
encephalomyelitis upon immunization with Act- IT 
(104). This nonresponsiveness was ascribed to the 
inability of CD40L-deficient T cells to induce CP80 
expression on dendritic cells. The adoptive transfer of 
CD80-positive accessory cells into CD40L-deficient 
mice restored their ability to respond to antigen and 
to develop experimental allergic encephalomyelitis. 
This indicates that, unless an undiscovered second 
ligand for CD40 exists, T cells are capable of driving 
the inflammatory process by CD40-independent 
receptor: ligand and/or cytokine signaling. r * 

Although the above studies with transgenic 
CD40L-deficient mice suggest that CD40 ligation is 
not required for the development of sclerotic lesions 
once the CD80 costimulus is provided, studies , with 
normal animals indicate that CD40:CD40L 
interactions play a significant role throughout the 
inflammatory process. Administration of anti-CD40L 
antibody as late as 7-9 days after immunization of 
SJL mice with encephalitogenic peptide reduceif the 
extent and severity of lesions by more than 50%' (6). 
This is not surprising because CD40:CD40L 
interactions are known to play many roles in cell- 
mediated inflammatory responses, including 
stimulation of expression of adhesion and homing 
molecules on vascular endothelium, stimulation of 



chemokine and inflammatory cytokine production, 
stimulation of the production of IL-12, which is 
critical for maturation of the inflammatory Thl 
subset, and stimulation of fibroblasts (105) (Table 1). 
Several of the above activities are critical for the 
development of experimental allergic 
encephalomyelitis. VCAM-1 plays a critical role in 
the inflammatory process of experimental allergic 
encephalomyelitis ( 106); ligation of CD40 on 
endothelial cells induces VCAM-1 expression (107). 
Blockade of CD80. expression has been ^ shown -to 
prevent clinical relapses and chronicity of 
experimental allergic encephalomyelitis (108-110); 
antibody blockade of CD40:CD40L interactions 
completely blocks T cell contact-induction of CD80 
expression (25). Since neither IL-10 nor TGF-beta 
appear to down-regulate CD80 expression (52,53), 
the down-regulation of CD40L, and hence CD40L 
stimulation of CD80 expression, may therefore be a 
pivotal event in the shift from inflammatory to anti- 
inflammatory activities in the sclerotic lesion. 

7. PERSPECTIVE. 

The studies on experiment allergic 
encephalomyelitis to date strongly support critical 
roles for CD40 and TNF-alpha (CD40-induced?) in 
the pathogenesis of sclerotic lesions and for TGF-beta 
in remission of the inflammatory episode. Although 
receptors other than CD40 (e.g., CD23 and CD69) 
have been shown to stimulate macrophage production 
of inflammatory cytokines in vitro, their role in the 
pathogenesis of inflammatory disease is still 
unexplored. The studies on T cell receptor transgenic 
and CD40L-deficient mice (105) indicate that CD40- 
independent receptor: ligand pairs and/or cytokines 
are sufficient to drive the development of disease 
once the T cells are activated. This is supported by 
the observation that administration of anti-CD40L 
antibodies after immunization with encephalitogenic 
peptide only partially interferes with the development 
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of disease. The identification of these CD40- 
independent receptors and of their role in the 
pathogenesis of inflammatory disease will be a major 
area of research interest throughout the next decade. 
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One of the characteristic features of microglia 
M^js -their rapid activation in response to injury, inflamma- 
^^ilori. neurode^generation, infection, and brain tumors. 




lll&jhis review focuses on the role of the microglia in multi- 
^^plc sclerosis (MS), a chronic inflammatory demyelinat- 
^^nfe disease of the central nervous system (CNS), and in 
ilfific animal model of MS, experimental allergic encepha- 
Mlpmyelitis (EAE). Microglial activation in MS and EAE 
^•thought to contribute directly to CNS damage through 
cveral mechanisms, including production of proinflam- 
Stbry cytokines, matrix metalloproteinases, and free 
Edicals. In addition, activated microglia serve as the ma- 
antigen-presenting cell in the CNS, likely contribute 
•to aberrant immune reactivity aT tfiis site. A "mecha- 
istjc understanding of the way in which microglia are 
fctivated and ultimately inhibited is crucial for the for- 
Initiation of therapeutic modalities to treat MS and other 
INS autoimmune diseases. 
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Introduction 

This review on the involvement of macrophages/micro- 
glia in multiple sclerosis (MS) and its animal model, ex- 
perimental allergic encephalomyelitis (EAE), highlights 
the ability of these cells to contribute to inflammatory 
and immune responses in the central nervous system 
(CNS). We emphasize the ability of macrophages/micro- 
glia both to produce and to respond to a wide variety of 
cytokines, impair blood-brain barrier (BBB) function, act 
as an antigen-presenting cell (APC) within the CNS, me- 
diate phagocytic events, and. damage oligodendrocytes 
(the myelin-produeing eells-withinthe GNS)rThe pheno- 
typic and functional characteristics of microglia are de- 
scribed initially, followed by a discussion of the involve- 
ment of macrophages/microglia in neurological diseases 
such as MS and EAE. 



Microglia 

There are two major subgroups of glial cells: the macro- 
glia, which consist of astrocytes, oligodendrocytes, and 
ependymal cells, and microglia. This review focuses on 
microglia, the resident macrophage of the brain, which 
comprise 10-20% of all glial cells. Microglia were origi- 
nally described by del Rio-Hortega [1]; he hypothesized 
that microglia are of mesodermal origin, have phagocytic 
functions, and exhibit changes in morphology following 
insult to the CNS. Most current evidence strongly sug-- 
gests that microglia are derived from a bone marrow pre- 
cursor of monocytic lineage [2, 3] and populate the CNS 
early in fetal development. In addition, there is immigra- 
tion during the postnatal period. Microglia are a class of 
brain mononuclear phagocytes and are thought to be the 
principal immune cell resident to the CNS. Microglia 
have functions similar to those of other tissue macro- 
phages, including phagocytosis, antigen presentation, 
and production of cytokines, eicosanoids, complement 
components, excitatory amino acids (glutamate), protein- 
ases, oxidative radicals, and nitric oxide (for review see 
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Fig. 1 Microglial mediators of CNS inflammation and damage. 
Upon activation microglia are induced to produce proinflammato- 
ry cytokines, complement components, eicosanoids, nitric oxide, 
and free radicals, all of which are involved in initiating and ampli- 
fying inflammation within the CNS 



[4-6]; see Fig. 1). Production of these mediators is 
thought to contribute to CNS damage through a variety 
of mechanisms, some of which are discussed in detail 
below. Microglia also have specialized functions not re- 
lated to inflammation or immunity that are not described 
in this article; readers are referred to excellent review ar- 
ticles on this topic [7, 8]. 

Parenchymal microglia represent a stable pool of cells 
having little or no turnover with bone marrow derived 
cells (for review see [6]). At least three clearly identifi- 
able states of parenchymal microglia have been defined 
based on developmental and pathophysiological studies: 
(a) the ramified, resting microglia present in the normal, 
nonpathological adult CNS, (b) the activated, nonphago- 
cytic microglia found in areas of secondary reaction due 
to nerve transection and CNS inflammation, and (c) the 
reactive, phagocytic microglia found in areas of trauma, 
infection, or neuronal degeneration. These different forms 
of parenchymal microglia are not independent of each 
other but likely represent transformations of a single cell 
type. Microglia exhibit plasticity in their morphology and 
appearance, particularly during injury and disease. Rest- 



ing microglia are highly branched (ramified) cells with J 
small amount of perinuclear cytoplasm; however, up^L 
pathological insult, these cells become hypertrophic^ 
with short processes and exhibit a "bushy" appearand 
(for review see [9]). The term "perivascular microglia 
has been used to describe parenchymal microglia cells lo- 
cated in the vicinity of blood vessels. These perivascul^l 
microglia are found within the CNS parenchyma proper 
and form part of the perivascular glia limitans (for review 
see [6]). These cells are often confused with "perivascular 
cells* 1 which are not part of the CNS parenchyma sinci 
they are separated from the brain tissue proper by a basaf 
lamina. Perivascular cells have been shown to possess aiv 
tigen-presenting and phagocytic functions and ai? 1 
thought to exist predominantly in an activated state [10].& 
There is a large amount of literature on the antigenijf] 
markers that microglia can express. These include class 1 1 
and II major histocompatibility complex (MHC) anti- 
gens, Fc receptors (I-III), complement receptors (CRl/ 
CR3, CR4), P 2 -integrins [lymphocyte function associated 
antigen (LFA) 1, 3], intercellular adhesion molecule 
(ICAM) 1, and the costimulatory molecules B7-1 and 
B7-2 [11-20] (see Table I). Some of these markers are' 
expressed constitutively by microglia while others are in- 
ducible following injury, infection, or inflammation of 
the nervous system. Currently there are no unique histo- 
chemical markers that distinguish resting or activated 
microglia from monocytes/macrophages in the circula- 
tion or peripheral tissues, or from macrophages which 
invade the brain [18]. 



Multiple sclerosis 

MS is a chronic demyelinating disease of the CNS that 
generally afflicts persons between 20 and 50 years old, 
affecting more women than men. The cause of MS is un- 
known, although viral infections, genetic predisposition, 
environmental factors, and autoimmunity are all consid- 
ered as contributing factors in the etiology of MS (for re- 
view see [21]). The major pathological hallmark of MS 
is the presence of sclerotic plaques in the CNS that are 
characterized by demyelination, while axonal processes 
are generally unaffected. During active disease demy- 
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foon is associated with an inflammatory reaction that 
^'irhestrated by activated lymphocytes, macrophages, 
^T^ehdogenous glial cells (astrocytes and microglia). 

jvls'Wions are characterized by the local accumu- 
^on of activated CD4 + and CD8 + T-cells around small 
^T ules, with CD4 + cells predominating [22]. Later there 
Ii%nyeHn degeneration associated with perivascular in- 
flammation consisting of T-cells, B-cells, plasma cells 
nd activated macrophages [23, 24]. The primary demy- 
^illnation observed in MS results from damage to the my- 
•^bfin sheath and/or oligodendrocytes. Macrophage/micro- 
^clia are active participants in myelin breakdown; phago- 
iSlfytosis of myelin proteins in the lesions by these cells is 
reliable indicator of ongoing demyelinating activity 
^'[25]. In addition, microglia become activated during MS 
V* to e x P ress m0 ' ecu ^ es critical for antigen presentation, in- 
cluding class II MHC and B7-1 [26, 27]. Another immu- 
nologically relevant antigen expressed by macro- 
^6ha°es/microglia in MS brain is CD40, a member of the 




tumor necrosis factor (TNF) receptor family of cell sur- 
i^'face proteins [28]. These CD40 positive macrophages/ 
^microglia co-localize with CD40 ligand (CD40L) pcfsi- 
l^'tive T-helper cells. CD40-CD40L interactions are 
rethought to play a role in activation of cells of the moho- 
f^bytic lineage [29], which is discussed below. Gliosis is 
i^also a prominent feature of MS, and is characterized by 
^.Vstrocyte proliferation, hypertrophy, and increased syn- 
§&£thesis of glial fibrillary acidic protein, an astrocyte-spe- 

'V&SV — - - - - 



g^Jcific protein [30]. This reaction is thought to contribute 
^^lo-the formation qf~dense, glial scars ;inUhe,CNS7leading 



s§£vto motor and sensory impairment. Recent findings with 
geomagnetic resonance imaging indicate that considerable 
^^subclinical disease occurs, and that early in lesion devel- 
rfiikoprnent there is breakdown of the BBB [31, 32], which 



s^may be a crucial event in the pathogenesis of new lesions 
ISgin MS. 

A wide range of cytokines have been detected in MS 
>^lesions.These include interleukins (ILs) 1, 2, 3, 4, 6/10, 
J^: : ;and 12, TNF-a, lymphotoxin (LT), interferons (IFNs) a, 
||r p, and y, transforming growth factor (TGF) (}, and che- 
:^.;:m6kines (for review see [33, 34]). IFN-y is secreted by 

infiltrating activated T-cells, while all the other cytokines 
^jfecan be produced either by infiltrating leukocytes or by 
^' endogenous astrocytes and microglia. In particular, IL-1, 
£|plL-6, LT, and TNF-oc have been localized to macro- 
^phages/microglia (see Table 1). TNF-cx and LT have been 
0; implicated in the disease process of MS due to their abil- 
§3§'.jty to mediate myelin and oligodendrocyte damage, lerad- 
^-;ing to* the demyelination process observed in MS 
||£ [35-37]. TNF-a and IL-1 (3 induce astrocyte proliferation 

[38, 39], which could elicit the astrogliosis associated 
|f; with MS and contribute to impairment of the BBB" (see 
jfe Rg. 2). Cytokine networks are involved in MS; the cyto- 
fc, kines implicated in disease progression include the TH1 
m, cytokines IL-2, TNF-a, LT, and IFN-y as well as IL-1, 
^V* while TH2 cytokines such as IL-4 and IL-10 as weil as 

IFN-p and TGF-P appear lo mediate disease remission 
g-/>(for review see [33]). Thus macrophages/microglia in 
i-'v MS 

tissue express gene products that contribute to im- 
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mune reactivity, inflammation, and demyelination within 
the CNS. 



Experimental allergic encephalomyelitis 

EAE is an experimentally induced autoimmune disease 
of the CNS, and serves as an animal model for MS. EAE 
can be actively induced by the injection of whole spinal 
cord preparations, proteins derived from myelin [com- 
monly myelin basic protein (MBP) or proteolipid protein 
(PLP)], or MBP or PLP peptides (for review see [40]). 
Activated T-cells isolated from the spleen and lymph 
nodes of actively immunized animals can be used to 
transfer disease to naive recipients; the T-cells must be 
activated in vitro by the encephalitogenic antigen in the 
presence of APCs prior to transfer. Additionally, transfer 
of encephalitogenic MBP or PLP-specific T-cell lines 
can be utilized to induce disease. In all described models 
of EAE, disease is characterized by perivascular infil- 
trates within the CNS and paralysis. Typically the BBB 
becomes disrupted. The cells which initiate disease are 
predominantly myel in-reactive CD4+ T helper cells that 
are class II MHC restricted and of aTHl phenotype (se- 
cretion of IFN-y, IL-2, TNF-a, LT; for review see [40]). 
These antigen-specific autoimmune T-cells first contact a 
naive intact BBB and are able to extravasate throush the 
BBB due to their activational status. These cells are re- 
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Fig. 2 Potential interactions between microglia/macrophages and 
T-cells, astrocytes, and oligodendrocytes. Activated micro- 
glia/macrophages can present foreign antigen in conjunction with 
class II MHC molecules to CD4 + T-helper cells. The T-cells then 
become activated and secrete cytokines such as IFN-y which fur- 
ther contributes to the activation of microglia/macrophages. Mi- 
croglia/macrophage products such as TNF-a and nitric oxide (NO) 
can damage oligodendrocytes, leading to interference with myelin- 
ation and myelin gene expression. Astrocytes and microglia/mac- 
rophages also communicate via soluble mediators such as cyto- 
kines. IL-1, IL-6, and TNF-a produced by microglia/macrophages 
can induce astrogliosis and can regulate expression of adhesion 
molecules such as 1CAM-1. vascular cell adhesion molecute K 
and E-selectin on astrocytes. Astrocytes in turn produce colony 
stimulating factors (CSFs) that are critical for sustaining the 
growth of microglia/macrophages 
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tained in the CNS due to presentation of appropriate an- 
tigen (most likely by endogenous microglia) and undergo 
further activation. This is followed by the recruitment of 
non-antigen-specific lymphocytes and activated macro- 
phages from the blood into this site, accompanied by fur- 
ther disruption of the BBB. Infiltrating macrophages and 
intrinsic microglia take part in the inflammatory process 
by phagocytosis of myelin, leading to demyelination [25, 
41]. In addition, class II MHC and CD40 expression is 
detected on both macrophages and microglia during 
EAE [28, 42]. Glial cells such as astrocytes and micro- 
glia become activated to produce proinflammatory cyto- 
kines such as TNF-a, IL-1, and IL-6 as well as chemo- 
ki nes, further contributing to inflammation and myelin 
damage within the CNS. Similar to MS, the cytokines 
TNF-ct, IL-1, IL-2, and IFN-y are implicated in disease 
progression due to their ability to activate T-cells and 
macrophages, while IL-4, IL-10, and TGF-p are thought 
to regulate recovery from EAE [43-47]. . 



Involvement of macrophages/microglia in EAE and MS 

Within the context of immune-mediated brain injury mi- 
croglia are considered as the main intrinsic immune ef- 
fector cell of the CNS. This section describes some of 
the effector functions ascribed to microglia as deter- 
mined by in vitro studies to set the stage for discussing 
the involvement of microglia in EAE and,' by extrapola- 
tion, MS. » 

Microglia can be activated to express a broad range of 
cytokines: including" IL- I7IL-3, 11^6; f NF-(£ Lt> macro- 
phage inflammatory protein (MIP) la and TGF-P [11, 
14, 48-59] (see Table 1). Many of these-cytokines (IL-1, 
IL-6, TNF-a, LT, MIP- la) have proinflammatory prop- 
erties that can mediate inflammation and demyelination 
within the CNS. As mentioned above, TNF-a has been 
documented to contribute to the demyelination process 
in the CNS, and activated microglia are involved in this 
event by production of both secreted and membrane 
bound TNF-a [60] or through induction of nitric oxide 
[61]. Interestingly, secreted TNF-a produced by micro- 
glia is capable of killing oligodendrocytes, but the mem- 
brane-bound form of TNF-a is more effective in this 
process [60], indicating a requirement for cell-cell con- 
tact between microglia and oligodendrocytes^ 

Activated microglia also have the capacity to secrete 
serine proteinases (elastase and urokiriase-type plasmi- 
nogen activators) and the matrix metalloproteinases 
(MMP) 2 and 9 [6, 56, 62, 63] (see Table 1). Some of 
these enzymes are capable of degrading MBP within the 
encephalitogenic region of the protein and thus can con- 
tribute both to immune reactivity against MBP epitopes 
within the CNS and to demyelination. In the CNS MMPs 
have been implicated in the pathogenesis of inflammato- 
ry/demyelinating diseases, particularly in the breakdown 
of the BBB. 

Another aspect of microglial biology that can contrib- 
ute to immune reactivity within the CNS is their ability 



to function as an APC [64]. At least two distinct s 
are provided by APCs that leads to the generation 
tivated effector CD4+ T-cells; an antigen-specific 
mediated through TCR ligation by antigen/class II 
and a second non-antigen-specific costimulatory 
(for review see [65]). Interactions between CD28 
cells and its counterreceptors B7-1 (CD80) and 
(CD86) on APCs are most important for providir 
costimulatory signals. Microglia can be induced ir 
by the cytokine IFN-y to express class II MHC an 
and B7-1 and other molecules critical for effective 
gen presentation such as LFA-3 and ICAM-1 [12-1 
66]. In vitro experiments document that IFN-y stim 
microglia are able to initiate and perpetuate CD4+ 
activation [14, 16, 67]. Thus microglia are poised t 
ticipate in T-cell activation within the CNS (see F 
IL-4, a TH2 cytokine, has no effect alone on cl 
MHC expression but inhibits IFN-y induced class 
pression by microglia [68]. As mentioned above 
has been implicated in contributing to suppression ; 
recovery in EAE [45, 69]. This beneficial effect o 
may in part be due to inhibition of class II MHC e 
sion by microglia. 



Macrophage depletion 

EAE has proven to be a valuable model for studyi 
immunological reactions involved in the pathogen* 
demyelinating diseases, in particular MS. The i 
^0.??^X^celUjii EAE has been extensively- docu 
ed particularly by their ability to initiate disease, a 
autoimmune specificity for myelin components i 
vided by these cells (for review see [40]). Howev. 
actual effector mechanisms leading to inflammatic 
demyelination within the CNS are likely to be pr< 
by other cell types, including infiltrating macroj. 
and endogenous microglia. A number of studies 
documented an important role for macrophages/) 
glia as effector cells in EAE. Early studies by Bros 
al. [70] demonstrated that macrophage depleti* 
treatment with silica dust can delay the onset of c 
signs and reduce the severity of disease in a Le\ 
model of EAE. A later study utilized liposomes cc 
ing the drug dichloromethylene diphospl 
(C1 2 MDP) to eliminate macrophages, and such trei 
was shown to completely prevent the clinical man 
tions of EAE [71]. This study assumed that the efi 
C1 2 MDP liposome treatment is on infiltrating j 
phages. More recently this same group demonstrate 
the use of C1 2 MDP liposomes eliminates only peri 
blood-borne macrophages and not resident parenc 
microglia [72]; however, clinical signs of EAE ar 
pressed by such treatment. Thus, although mi< 
have the capacity to acquire many of the same fun< 
properties as macrophages, it appears that in the al 
of blood-borne macrophages, microglia are not ap| 
ately activated. The concomitant loss of blood 
macrophages and the impaired activation of endo^ 



sugg esls that * n fil tratin 8 macrophages are re- 
^hr'for the subsequent activation of microglia, pos- 
^^ough their interactions with T-cells and subse- 
IS^elease of proinflammatory cytokines. 



^kidc of macrophage entry into the CNS 
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s\nd EAE are characterized by the migration of lym- 
gcvtes and monocytes from blood into the brain and 
£|he su bsequent invasion of the extravascular tissue. A 
' iber of strategies have been employed to block the 
JSritrv an d/or function of macrophages/microglia in the 
GNS The mechanism by which macrophages traffic 
Iffibugh the BBB is not completely understood but- is 
4ikely to involve a variety of adhesion molecules and 
chemokines. Adhesion molecules involved in monocyte 
Inherence lo endothelium include the p 2 -integrins MAC- 
£V C Dl lb/CD 18) and LFA-1 (CDlla/CDlS) which are 
Impressed on monocytes, and 1CAM-1 (CD54), the coun- 
terreceptor for both MAC-1 and LFA-1 that is expressed 
gyactivated endothelial cells (for review see [73]). Intra- 
venous administration of antibodies against MAC-1 dur- 
v ing the early effector phase of EAE significantly sup- 
Ipressed disease severity [74]; this suppression has been 
proposed to be due in part to the blockade of infiltration 
Of "macrophages into the CNS lesions. Another recent 
tudy utilizing antibodies to both MAC-1 and LFA-1 
Sdefhonstrated "suppression of EAE clinical severity [75]. 
^lius inhibition of the adhesion molecules* involved in 
,Aacrophage adherence to endothelium prevents-entry of 
Macrophages into the CNS and subsequent neurological 
disease. 
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iodulation of chemokine expression 

^Chemokines are low molecular weight (7- to 10-kDa) se- 
^creted proteins that mediate the recruitment and activa- 
^ ^Jtion of leukocytes and other cells to sites of inflamma- 
tion during an immune response. The two chemokine 
^families involved in EAE include the CXC (a) chemo- 
*Tkines that are chemotactic for neutrophils and T-cells, 
£ahd the CC (p) chemokines that are chemotactic for 
^monocyte/macrophage lineage cells (for review see [76, 
i77J). In particular there is strong evidence that members 
Sf6f the CC family of chemokines [MlP-la, MlP-ip, 
^monocyte chemoattractant peptide (MCP). 1, and RAN- 
ffTES) are involved in recruiting macrophages into* the 
"CNS. In the Lewis rat model of EAE, levels of MCP-1 
mRNA were elevated immediately before the onset of 
^clinical signs, peaked with the height of disease, and de- 
clined with resolution of disease [78]. The marked eleva- 
tion of MCP-1 at the height of clinical disease was also 
correlated with extensive perivascular accumulation of 
monocytes. MCP-1 expression was localized to T-ceIls t 
^endothelial cells, and astrocytes, and diminished con- 
comitantly with a decrease in disease . activity [79]. 
J^Ransohoff et al. [80J have also investigated chemokine 
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production in the CNS during EAE in SJL/J mice. Astro- 
cytes were the only cells in the CNS which expressed 
mRNA transcripts for MCP-1, and expression was corre- 
lated with the appearance of clinical and histological 
EAE. 

A different approach to examining the role of MCP-1 
was taken by Fuentes et al. [81] who generated transgen- 
ic mice overexpressing MCP-1 in the brain. There was a 
pronounced mononuclear cell infiltrate in the CNS of 
these animals, with the majority of cells identified as 
monocytes and macrophages. These cells were localized 
in a perivascular orientation with little infiltration into 
the parenchyma, which may reflect the accumulation of 
MCP-1 protein around blood vessels. These MCP-1 
transgenic mice did not display any significant neurolog- 
ical systems despite high transgene expression and the 
mononuclear cell infiltrate, indicating that the presence 
of monocytes/macrophages per se in the CNS is not suf- 
ficient to induce disease. This may reflect the need for 
activated T-cells to initiate CNS disease, which are lack- 
ing in this transgenic model. 

Another CC chemokine implicated in EAE is MIP- 
la. Reverse-transcriptase polymerase chain reaction 
analysis of spinal cord from animals with both actively 
induced and adoptively transferred EAE demonstrates 
that MlP-la mRNA is induced 1-2 days prior to clinical 
sians and achieves highest levels at disease onset [82]. 
The importance of MIP-la was demonstrated in studies 
utilizing anti-MIP-la antibodies, in which such treat- 
ment prevented the development of both acute and re- 
lapsing paralytic disease as well as infiltration of mono- 
nuclear cells in the CNS [83]. Incubation of encephalito- 
genic T-cells with anti-MIP-la in vitro did not inhibit 
the ability of these cells to adoptively transfer EAE or 
produce inflammatory cytokines, suggesting that the 
beneficial effect of anti-MIP-la is by inhibiting recruit- 
ment of inflammatory mononuclear cells (macrophages) 
into the CNS. 



Inhibition of matrix metalloproteinase activity: 
involvement of macrophages/microglia 

As mentioned above, MMPs are thought to contribute to 
tissue destruction in diseases such as MS and EAE by 
their ability to degrade extracellular matrix components 
[84, 85]. In MS brain both macrophages and microglia 
express a variety of MMPs (1, 2, 3, and 9) [86], and in 
vitro, activated microglia and macrophages produce a 
number of MMPs [56, 62, 87, 88]. A MMP inhibitor 
(GM 6001) induced a partial inhibition of MMP activity 
in the cerebrospinal fluid of mice with actively induced 
EAE, suppressed the development of EAE, and reversed 
clinical signs of EAE [89]. The beneficial action of 
GM 6001 appears to be through restoration, of the dam- 
aged BBB, i.e., animals treated with GM 6001 have nor- 
mal permeability of the BBB compared to the enhanced 
permeability in nontreated animals. Whether macro- 
phage and/or microglia MMP production is specifically 



affected by GM 6001 was not examined; however, these 
cells would be likely targets for MMP inhibitors. 

A recent study has demonstrated that monocytes can 
be activated to produce MMP-9 upon interaction with T- 
cells [90]. Specifically, this activation occurs through in- 
teraction of CD40L on T-cells and CD40 on monocytes, 
as a neutralizing antibody against CD40L inhibited MMP 
expression by monocytes. This finding is of particular in- 
terest in light of the paper by Gerritse et al. [28] in which 
treatment with anti-CD40L monoclonal antibody com- 
pletely prevented EAE in SJL/J mice. Whether this inhib- 
itory effect of anti-CD40L antibody is due to decreased 
MMP production by macrophages/microglia is not 
known; however, these cells express CD40 in EAE and 
MS brain, and their activation is likely blocked by anti- 
CD40L antibody. Other macrophage/microglia effector 
mechanisms can be activated through CD40 .triggering, 
including tumoricidal activity, cytokine production (IL-1, 
TNF-a, IL-6, IL-8), and nitric oxide production [29, 
91-93]. Inhibition of any of the above functions by anti- 
CD40L antibody would be of benefit in treating EAE. 



Inhibition of TNF-a activity 

The involvement of TNF-a in deruyelinating diseases 
such as EAE and MS has been extensively documented 
(for review see [33]). Numerous studies indicate that 
there is aberrantly high expression of TNF-a by immune 
cells from MS patients during acute, phases of disease 
[94-97]. In EAE TNF-a protein is expressed in the CNS 
of animals during the peak of clinical disease and de- 
clines upon remission [98, 99]. One study identified 
macrophages/micrpglia as the„source of TNF-a in the 
CNS of animals with disease [99]. 

Studies have been conducted to neutralize TNF-a ac- 
tivity, including the use of anti-TNF antibodies and solu- 
ble TNF receptors. Antibodies to* TNF-a prevented 
adoptive transfer of EAE by MBP encephalitogenic T- 
cells, and the CNS tissue from protected animals was de- 
void of inflammation or demyelination compared to con- 
trol animals [37, 100, 101]. Preincubation of MBP-sensi- 
tized T-ceils with anti-TNF-a antibody in vitro prior to 
injection did not affect their ability to transfer EAE, sug- 
gesting that the effect of the antibody is by interfering 
with the effector phase of disease (possibly depleting 
TNF-a secreted by macrophages/microglia). Another ap- 
proach has been the administration of soluble TNF re- 
ceptors in EAE. Baker et al. [102] demonstrated that 
treatment with bivalent human sTNF-Rl and sTNF-R2 



immunoglobulin fusion proteins inhibits the develo* 
ment of actively induced EAE. Intracranial injection \ 
sTNFR-Ig was more potent than systemic administratis 
in inhibiting disease, suggesting that most TNF-a pr* 
duction occurs in the CNS [102]. These results hav 
been confirmed by Selmaj et al. [101]. Thus both ant 1 
TNF antibodies and sTNF-Rs are potent inhibitors * 
EAE and appear to function at steps subsequent to tlvt 
activation of encephalitogenic T-cells. 

The importance of TNF-a in demyelinating disease* 
was recently highlighted by the generation of transgenic 
mice constitutively expressing TNF-a in the CNS. These 
animals spontaneously developed a chronic inflammat<£ 
ry demyelinating disease with 100% penetrance from* 
about 3-8 weeks of age [103]. Histopathological analysis 
revealed infiltration of the meninges and CNS parenchy- 
ma by CD4+ and CD8 + T-cells, widespread astrogliosis 
and microgiiosis, and focal demyelination. The direct ef- 
fect of TNF-a in this disease was documented by admin- 
istration of a neutralizing antibody against TNF-a, 
which prevented the development of neurological symp- 
toms, T-cell infiltration, astrogliosis, microgiiosis, and 
demyelination. These results strongly support the hy- 
pothesis that in the CNS TNF-a functions as a potent 
proinflammatory cytokine and a major effector of im- 
mune-mediated demyelination. 



Direct activation of macrophages/microglia in the CNS 

Microglia have been shown to both produce and respond 
to the cytokine IL-3 [50, 104]. In the brain expression of 
the signal transducing subunit of the IL-3 receptor shows 
restricted, distribution, being expressed only. by. macro- 
phages and/or microglia [105]. IL-3 has numerous ef- 
fects on microglia in vitro, including induction of prolif- 
eration and multinucleated giant cell formation [106]. 
Chiang et al. [107] developed transgenic mice in which 
the expression of IL-3 was targeted to astrocytes using a 
glial fibrillary acidic protein fusion gene. In symptomatic 
transgenic mice multifocal plaquelike lesions were de- 
tected in the cerebellum and brainstem. These lesions 
showed extensive primary demyelination and remyelin- 
ation in association with the accumulation of large num- 
bers of proliferating and activated macrophage/micro- 
glia. Lymphocytes were rarely present. This transgenic 
model exhibits many of the pathological features of MS 
and demonstrates that activation of macrophages/micro- 
glia in a T-cell independent manner is sufficient to in- 
duce demyelinating disease. 



Table 2 Potential inhibitors of 
CNS disease 



Anti-inflammatory 
cytokines 



IFN-P 
IL-4 
IL-10 
IL-13 : 
TGF-p 



Anti-cytokine 
antibodies 



Soluble 
receptors 



Receptor 
antagonists 



Anti-adhesion 
molecule antibodies 



Ant 
Ant 
Ant 
Ant 
Ant 



-TNF 

-IFN-Y 

-IL-1 

-MIP-lcc 

-MCP-1 



TNF RI and 11 
IL-IR type 1 
IFN-y R 



IL-1RA 



Anti-VLA-4 

Anti-VCAM-1 

Anti-LFA-1 

Anti-ICAM-I 

Anti-MAC-1 
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^Conclusion 

^ number of therapeutic strategies for MS are directed 
wards the selective inhibition of autoreactive T-cells. 
^Another complementary approach is to target the "non- 
^fflitigen" specific aspects of MS, including the effector 
l£%riictions of macrophages/microglia. These include strat- 
ifies to obtain a reduction in proinflammatory cytokine 
^Ifpression by the use of (a) anti-inflammatory cytokines, 
mW^Yb) neutralizing anti-proinflammatory cytokine antibod- 
*sfK^Ucs, (c) soluble cytokine receptors, (d) receptor antago- 
toW^iiists, and (e) neutralizing anti-adhesion molecule anti- 
&odies (see Table 2). Many of these reagents would tar- 
l§£et cytokines being produced by macrophages/microglia 
Mas well as adhesion molecules expressed by these cells. 
islF' •""Clearly, inhibition of macrophage/microglia effector 
^functions would be beneficial in reducing inflammation 
]}% '.jL'and demyelination within the CNS. 
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Effect of Anti-Macrobhage Migration Inhibitory 
Factor Antibody on Lipopolysaccharide-induced 
Pulmonary Neutrophil Accumulation 

HIRONI MAKITA, MASAHARU NISHIMURA, KENJI MIYAMOTO, TSUYOSHI NAKANO, YOSHINORI TANINO, 
JUNICHI HIROKAWA, JUN NISHIHIRA, and YOSHIKAZU KAWAKAMI 

First Department of Medicine and Central Research Institute, Hokkaido University School of Medicine, Sapporo, Japan 

Macrophage migration inhibitory factor (MIF) is a recently rediscovered pro-inflammatory cytokine 
that has the unique potential to override the anti-inflammatory action of glucocorticoids. Since re- 
cent reports suggest the pivotal role of MIF in acute lung injury, we examined the protective effect of 
anti-MIF antibody on lipopolysaccharide (LPS)-induced acute lung injury in rats. Rats were injected 
with LPS (7 mg/kg) intraperitone^lly with or without pretreatment with anti-MIF antibody. The anti- 
MIF antibody significantly attenuated LPS-induced migration of neutrophils to the lungs at 4 and 24 h 
as demonstrated by observation of the number of neutrophils per alveolus, the activity of myeloper- 
oxidase of the lung tissue, and. cell differentiation of neutrophils in bronchoalveolar lavage (BAL) 
fluid. The increased level of macrophage inflammatory protein-2, a powerful neutrophil chemokine, 
in BAL fluid was also significantly attenuated by pretreatment with the anti-MIF antibody as com- 
pared with the control group. Additionally, positive immunostaining for MIF was observed in bron- 
chial epithelial cells and alveolar, macrophages, and Northern blot analysis of lung tissues demon- 
strated increased MIF m RIM A 24 h after LPS injection. These data suggest that the anti-MIF antibody 
has therapeutic potential for the treatment of acute lung injury by suppressing the level of neutrophil 
chemokine in the lungs. Makita JJ, Nishimura M, Miyamoto K, Nakano T, Tanino Y, Hirokawa J, 
Nishihira J, Kawakami Y. Effect of anti-macrophage migration inhibitory factor antibody on 
lipopolysaccharide-induced pulmonary neutrophil accumulation. 

AM I RESPIR CRtT CARE MED 1998;158:571-579. 
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Macrophage migration inhibitory factor (MIF) was first de- 
scribed in 1966 as a cytokine "activity/ deriveoVfrom activated 
T lymphocytes, preventing random macrophage migration at 
the site of inflammation (1, 2). After the cloning of human 
MIF complementary DNA (cDNA) in 1989 (3), MIF "pro- 
tein" was re-evaluated as an important pro-inflammatory cy- 
tokine (4, 5). In a series of recent studies using rodents. MIF 
was found to be a secretory product of anterior pituitary cells 
and activated macrophages that antagonizes the suppressive 
effects of glucocorticoids on cytokine production and potenti- 
ates effects of endotoxin in experimentally induced septic shock 
(6). Furthermore, administration of an anti-MIF antibody im- 
proves the survival rate in the case of lethal sendotoxerrwa in 
mice (4, 5). Since then, a few laboratories, including ours, riave 
reported that MIF can be detected in a variety «pf cells, tissues, 
and organs in humans as well as in rodents (7-10), and. that 
MIF production is upregulated in gram-negative sepsis*(ll). 
More recently, Donnelly and colleagues (12) demonstrated that 
in patients with acute respiratory distress syndrome (ARDS), 
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MIF is present in the affected lungs, and that alveolar macro- 
phages are one cellular source of MIF. They also showed that 
MIF augments, and the anti-MIF antibody attenuates, pro- 
inflammatory cytokine secretions, such as tumor necrosis fac- 
tor alpha (TNF-a) and interleukin-8 (IL-8) from alveolar mac- 
rophages. 

This background prompted us to examine the protective ef- 
fect of an anti-MIF antibody on lipopolysaccharide (LPS)- 
induced acute lung injury in rats. We anticipated that pretreat- 
ment with the anti-MIF antibody could attenuate or abolish 
such lung injury. Additionally, we investigated the localization 
of MIF in the lungs of rats by immunohistochemical analysis, 
and the expression of MIF mRNA before and after the LPS- 
induced lung injury by northern blot analysis. Furthermore, in 
an attempt to gain insight into the mechanism by which the 
anti-MIF antibody attenuates LPS-induced neutrophil accu- 
mulation in the lungs, we measured macrophage inflammatory 
protein-2/cytokine-induced neutrophil chemoattractant (MIP- 
2/CINC-3). an important neutrophil chemokine, in bronchoal- 
veolar lavage (BAL) fluid of the rats. 

METHODS 
Animals 

Studies were performed on male Sprague-Dawley rats (n = 69) (224 ± 
52 g [mean ± SD]). They were allowed free access to water and com- 
mercial chow. This research adhered to the Declaration of Helsinki 
and was approved by the Animal Experiment Ethics Committee of 
Hokkaido University School of Medicine. 
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Materials 

The following materials were obtained from commercial sources: LPS 
from Escherichia coli 0111:B4 was purchased from Sigma Chemical 
Company (St. Louis, MO) and dissolved in pyrogeri-free physiologic 
saline just before each experiment; biodyne transfer membranes from 
Pall Biosupport Division (Glen Clove, NY) ; Isogen RJSIA extracti§n kit 
from Nippon Gene Chemical Company (Tokyo, Japan); [a- 32 P] dgTP 
from Dupont-NEN (Boston, MA); complete Freunds' adjuvant (CFA) 
and incomplete Freunds* adjuvant (IFA) from Wako Pure Chemical 
Industries (Osaka, Japan); Vector ABC Kit from .Vector Laboratory 
(Burlingame, CA); horseradish peroxidase (HRP) -conjugated goatanti- 
rabbit antibody from Pierce (Rockford, IL); specific rat MIP-2/CINC- 
3 ELISA kit from Immunobiologicai Laboratory (£ujisawa, Japan). 
All other chemicals were of analytical grade. 

* 

Preparation of Rabbit Polyclonal Antibody against Rat MIF 

Polyclonal anti-rat MIF serum was generated by ^immunizing New 
Zealand White rabbits with purified recombinant rat MIF, Rat MIF 
was expressed in E. coli and purified to homogeneity as described in 
our previous publications (13, 14). In brief, the rabbits were inocu- 
lated intradermally with 100 u.g of MIF emulsified irfcFA at Weeks 1 
and 2, and with 50 |xg of MIF diluted in IFA at Wee%4. The immuno- 
globulin G (IgG) fraction was prepared using Protein A-Sepharose 
according to the manufacturer's protocol. \* 

Experimental Design 

Experiments were designed to evaluate the effects df the anti-MIF an- 
tibody on LPS-induced acute lung injury by comparing an LPS group 
(nonimmunized rabbit IgG + LPS) and an anti-MIF Ab group (anti- 
MIF antibody + LPS) 4 and 24 h after LPS administration. LPS was 
administered intraperitoneally (7 mg/kg of 2 mg/Snl LPS in 0.9% 
NaCl). As a negative control, physiologic saline, instead of LPS, was 
given to rats intraperitoneally. Two hours before administration of 
LPS, the rats were intraperitoneally injected with either the anti-MIF 
antibody (IgG fraction; 3.9 ~ 8.6 mg/kg) or the same dose of nonim- 
munized rabbit IgG. The rats were then returned to their cages and al- 
lowed free access to food and water. Four and 24 h fater, blood sam- 
ples were taken by puncturing the abdominal aorta under anesthesia 
with 1.5% inhalant halothaine. Then the lungs were .excised by Open- 
ing the chest, and free Jblood^ was removed by blotting the hilus onto 
paper towels. The left lung was fixed in buffered (pH.7.4) 10% forma- 
lin for at least 48 h and then embedded in paraffn\ for later histo- 
pathologic examination. The upper part of the right Tung was used for 
the measurement of tissue myeloperoxidase (MPO) activity, and the 
lower part of the right lung was used for obtaining the lung tissue wet to 
dry (W/D) weight ratio. 

Histologic examination. A section was cut from the mid-por- 
tion of paraffin-embedded whole lung tissue and stained with hema- 
toxylin and eosin. An observer who was blinded to tfie animals' group 
assignment assessed more than 50 alveoli at X 400 magnification and 
determined the average number of neutrophils per alveolus. 

Measurement of the Jung tissue MPO activity. The! lung was homog- 
enized and sonicated in 100 mM potassium phosphate-buffered solu- 
tion (PBS), pH 6.0, with 0.5% hexadecyl-trimethylahiicnonium bromide 
(HTAB) and 5 mM EDTA. After centrifugation (40^000 X g, 15 min), 
the supernatant fluids were reacted with H 2 0 2 (0.0005%) in the pres- 
ence of orthodianisidine (0.167 mg/ml). The change in optical density 
(OD) (at 460 nm) per minute was determined (15). f 

Measurement of the Jung tissue W/D weight raiio. The lung was 
weighed soon after excision, and then dried in an oven at 60° C for 72 h. 
The dried lung tissue was weighed again, and the 'lung tissue W/D 
weight ratio was obtained. 

Neutrophil counts and albumin concentration in\ BAL fluid. An- 
other set of animals was used for evaluation of cell differentiation and 
the albumin concentration in BAL fluid. BAL was performed under 
anesthesia with intraperitoneally administered sodium pentobarbital 
(50 mg/kg) 4 and 24 h after the administration of LPS. Each time, 8 ml 
of 37° C sterile physiologic saline was instilled through a tracheal can- 
nula at a hydrostatic pressure of 1 5 cm and withdrawn by gravity while 
using a vibrator. The procedure was repeated five times, and all BAL 
fluid was collected. The recovery rate was over 90%. Then we centri- 
fuged the BAL fluid (700 X g for 5 min, 4° C) and-sounted the total 



number of cells using a standard hemocytometer method. We stained 
the cells by the Dif-Quik method and determined the cell differentia- 
tion. 

I mmunohistochemistry 

The lungs of rats that had received either LPS or physiologic saline 
(n = 3 for each) 24 h earlier were used for the immunohistochemical 
study. The lungs were fixed overnight in formaldehyde, after which 
5-p.m thick parafilm sections were mounted on poly-L-lysine-coated 
slides. The BAL cells were collected as described above (n = 3 for 
each) , and mounted on poly-L-lysine-coated glass slides. After centrif- 
ugation for mounting, the BAL cells were fixed in 95% ethanol at 4° C 
for 5 min. The tissue samples were immersed in 100% methanol con- 
taining hydrogen peroxide (0.3%) for 30 min to quench endogenous 
peroxidase reactivity. Subsequently, they were stained with the avi- 
din-biotin-peroxidase complex procedure using a Vector ABC Kit ac- 
cording to the manufacturer's protocol. Nonspecific staining was blocked 
by incubation for 30 min with normal goat serum (10%). The sections 
were further incubated overnight at 4° C with the anti-rat MIF poly- 
clonal antibody. After three washes with PBS. the samples were re- 
acted with biotinated goat anti-rabbit IgG and avidin-biotin complex 
at room temperature for 30 min. The reaction was developed in 3,3'- 
diaminobenzidine tetrahydrochloride containing hydrogen peroxide 
(0.01%), and the tissue samples were mounted with alkylacrylates. 

Northern Blot Analysis 

Lung tissues were collected under anesthesia before and 24 h after 
LPS administration (n = 3 for each). Northern blot analysis was car- 
ried out as previously described (7). In brief, RNA from these lung tis- 
sues was extracted and separated into 20-^g units by electrophoresis 
on 1% agarose gel containing 0.6 M formaldehyde, and blotted on ny- 
lon membrane filters. The hybridization was carried out using a full- 
length rat MIF cDNA probe radiolabeled with [a- 32 P]dCTP at 42° C 
for 48 h. The MIF cDN A used in this study had been isolated from a 
rat liver cDNA library in this laboratory (7). After hybridization the 
filters were washed with 0.1 X standard saline citrate (SSC)/0.1% SDS 
for 30 min at 65° C and exposed at -80° C for 2 d to X-OMAT film 
from Eastman Kodak Company (Rochester, NY). Relative intensities 
of the radioactive bands were quantitatedjby Bio-image analyzer (Fuji 
Film Ltd., Tokyo). 

Enzyme-linked Immunosorbent Assay (ELISA) of MIF 

The anti-rat MIF IgG polyclonal antibody dissolved in PBS (50 u.1) 
was added to each well of a 96-well microtiter plate, which was then 
left for 30 min at room temperature. The plate was washed three times 
with distilled water. All wells were filled with PBS containing 0.5% 
BSA for blocking and left for 20 min at room temperature. After re- 
moval of the blocking solution, the samples were added in duplicate to 
individual wells and incubated for 1 h at room temperature. After the 
plate was washed three times with PBS containing 0.05% Tween 20 
(washing buffer), 50 u.1 of biotin-conjugated anti-MIF antibody was 
added to each well. After incubation for 1 h at room temperature, the 
plate was again washed three times with the washing buffer. Avidin- 
conjugated horseradish peroxidase was added to each well, and the 
microtiter plate was again incubated for 15 min at room temperature. 
After washing three times, the substrate solution (10 ml) contained 
8 mg of o-phenylenediamine and 4 u.1 of 30% H 2 O z in citrate phos- 
phate buffer (pH 5.0). Finally, the substrate solution (50 \d) was 
added to each well. After incubation for 20 min at room temperature, 
the reaction was terminated with 25 p.1 of 4 N sulfuric acid. The absor' 
bance was measured at 492 nm by an ELISA plate reader (Model 
3550; Bio-Rad). The detection limit in this system was 1.5 ng/mi. 

ELISA of MIP-2/CINC-3 

The level of MIP-2/CINC-3 in BAL fluids was measured and the LPS 
group and anti-MIF Ab group were compared with a specific rat MIP-2 
ELISA kit using recombinant rat MIP-2/CINC-3 as a standard. Al- 
though three other subtypes of CINCs have been identified, such as 
CINC-1, CINC-2ot, and CINC-2|3, this system has no cross-reactivity 
for those (16). The detection limit in this system is reportedly 50 pg/ml. 
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TABLE 1 



RESULTS OF MEASUREMENTS* 







Control 


LPS 


Anti-MIF + LPS 


BAL 










Total no. of cells, x 10 s cells 
Neutrophils, % 
Albumin, i^g/mf 
Blood 




12.87 ±1.38 
1.2±*0.4 
1.89 ± 0.76 


15.97 ± 3.62 
10.0 ± 2.7 t 
1.57 ± 0.36 


6.80 ± 0.37 
2.0 ± 0.4* 
1.62 ± 0.09 


WBC, cellsVI 
Platelets, x 10* cells/til 
Wet/dry weight ratio 


t 

% 

m 


8.675 ± 2,112 
116.2 ± 10.5 
5.14 ± 0.12 


7,620 ±1.717 
13.9 ± 5.2 t 
5.12 ± 0.08 


5.300 ± 1,550 
41.8 ±6.4' 
5.07 ± 0.04 



Definition of abbreviations: BAL = bronchoglveolar lavage; WBC = white blood cells 

* Mean ± SEM. 

* p < 0.05 versus control group. 

* p < 0.05 versus LPS group. 



Statistics 

Data were analyzed by one-way analysis of variance (ANOVA), and 
individual group means were then compared with StLdents' f test. All 
values are expressed as mean ± SEM unless otherwise specified. 

RESULTS 

Effect of Anti-MIF Antibody on Lung Inflammation 

Histology and MPO activity. No rats died hi: any treatment 
groups throughout the experimental period. There was a sig- 
nificant decrease in the counts of circulating blood throm- 
bocytes at 24 h in the LPS group, but the leukocyte nurnbers 
did not decline (Table 1). This LPS-induced thrombocytope- 
nia was significantly attenuated by pretreatment with the anti- 
MIF antibody. Light microscopic examination revealed a : slight 
but significant degree of neutrophil accumulation in and around 
alveoli only in the rats that had received the nonimmunized 
rabbit IgG + LPS (Figures 1A and IB). However, there \fere 
no serious lung injuries, such as pulmonary edema or hemor- 
rhage, even in the LPS group, so that no significant difference 
was found in the W/D weight ratio between the control group 
and the LPS group (Table 1). The numbers of -Neutrophils ob- 
served in the lung tissues 4 and 24 h after administration of 
LPS were significantly larger than those of the control gcoup 
(Figure 2A). When rats were pretreated with the anti-MIF 
antibody, the number of neutrophils significantly decreased 
compared with the LPS group (2.67 ± 0.33 versus 1.20 ± 0.09 



cells/alveolus at 4 h. 2.45 ± 0.40 versus 1.38 ± 0,29 cells/alveo- 
lus at 24 h, p < 0.05) . The MPQ activity of lung tissue in the anti- 
MIF Ab group was also markedly lower than that of the LPS 
group at 4 and 24 h after administration of LPS (2.04 ± 0.27 
versus 1.34 ± 0.11 AOD/min at 4 h, 1.39 ± 0.15 versus 0.66 ± 
0.24 AOD/min at 24 h, p < 0.05) (Figure 2B). There was a sig- 
nificant and close correlation between the number of neutro- 
phils observed and the activity of MPO in the lung tissues (r = 
0.85 at 4 h, r = 0.93 at 24 h), indicating that two independent 
evaluations provided exactly the same results on neutrophil 
migration. 

BAL findings. Although there were no significant differ- 
ences among all groups either in the total cell number or in the 
albumin concentration in BAL fluid, the neutrophil differenti- 
ation ratio was significantly increased again only in the LPS 
group at 24 h after LPS injection (10.0 ± 2.7%) compared ei- 
ther with the control group (1.2 ± 0.4%. p < 0.05) or with the 
anti-MIF Ab group (2.0 ± 0.4%. p < 0.05) (Table 1, Figure 2C). 

MIP-2/CINC-3 In BAL fluids. As is shown in Figure 3. the 
level of MIP-2 in BAL fluid was significantly lower in the anti- 
MIF Ab group than in the LPS group (253 ± 62 pg/ml versus 
759 ± 101 pg/ml, n = 5 for each, p < 0.01). 

MIF in serum and BAL fluids. The level of MIF in serum 
was 14 ± 3 ng/ml in the control rats (n = 5). The serum level 
significantly and markedly increased at 4 h (121 ± 25 ng/ml, 
n = 8, p < 0.05) and also at 24 h (38 ± 9 ng/ml, n = 5, p < 
0.05) in the rats that had been given LPS, However, we found 
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Figure 7. Light microscopic examination. (A) Neutrophils significantly accumulated in and around alveoli in the LPS group; however there 
were no serious lung injuries such as pulmonary ecjema and hemorrhage. (B) Pretreatment with anti-MIF antibody attenuated LPS-induced 
neutrophil accumulation. J 
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Figure Z Accumulation of neutrophils in LPS-injured lungs. Nega- 
tive control rats received saline instead of LPS (n = 8). The signifi- 
cant attenuation of neutrophil migration by the anti-MIF antibody 
was proved by three independent examinations at 4 and 24 raf- 
ter administration of LPS: nonimmunized rabbit IgG + LPS (rT = 
20), anti-MIF antibody + LPS (n = 20). (A) The number of neutro- 
phils per alveolus, (fl) activity of MPO in the lung, and (C) the 
number of neutrophils in BAL fluid. 

no significant increases in the level of MIF iri : BAL fluids* at 
the same periods (2.17 ± 0.48 ng/ml at 0 h, 3.20:± 1.18 ng/ral at 
4 h, and 3.08 ± 0.74 ng/ml at 24 h, respectively, not significant). 

Immunohistochemical Localization and 
Identification of MIF in Lungs of Rats 

Positive imrnunostaining for MIF was observed even in the 
control animals within the bronchial epithelial cells and in al- 
most all alveolar macrophages (Figures 4 A and 4B). There 
was a moderate increase in imrnunostaining in both cell types 
in the LPS-treated rats (Figures 4C and 4D)C Northern blot 
analysis demonstrated prominent MIF expression in the lung 
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Figure 3. MIP-2/CINC-3 in BAL fluid. The MlP-2 levels in BAL fluids 
from the rats pretreated with anti-MIF antibody were significantly 
decreased at 4 h after commencement of injury (from 759 ±101 
pg/ml to 253 i 62 pg/ml, p < 0.01). All values are expressed as 
mean ± SEM f with n = 5 in each group. 



tissue, and its mRNA levels clearly increased 24 h after LPS 
administration (Figure 5) . 

DISCUSSION 

In this study, we demonstrated that pretreatment of rats with 
an anti-MIF antibody clearly attenuated the accumulation of 
neutrophils in the lungs 4 and 24 h after the administration of 
LPS. The significant attenuation of neutrophil accumulation 
caused by the anti-MIF antibody in this experiment was proved 
by three independent methods: histological examination of 
neutrophils in and around the alveoli, MPO activity of lung 
tissues, and quantification of neutrophils in BAL fluids. We 
also showed that MIF was present in bronchial epithelial cells 
and alveolar macrophages in the lungs and that MIF mRNA 
from lung tissues was certainly increased 24 h after the admin- 
istration of LPS, although we could find increased levels of 
MIF only in serum, not in BAL fluids, in the rats that had 
been given LPS. Furthermore, we demonstrated that an in- 
crease in the level of MIP-2/CINC-3, a powerful neutrophil 
chemokine, in BAL fluids observed in the rats of the LPS 
group was significantly suppressed by pretreatment with the 
anti-MIF antibody. All these data indicate that MIF is impli- 
cated in the pathogenesis of LPS-induced neutrophil accumu- 
lation in the lungs and that the anti-MIF antibody has thera- 
peutic potential for the treatment of acute lung injury, at least 
in part, by suppressing the level of a neutrophil chemokine in 
the lungs. 

MIF was first described in 1966 as a lymphokine or a cyto- 
kine activity derived from activated T lymphocytes that had 
the ability to prevent the random migration of macrophages 
(1, 2). Since then, expression of MIF or MIF-like activity has 
been found at a variety of inflamed loci. However, the precise 
role of MIF in the immunologic response remained undefined 
until human MIF cDNA was cloned in 1989 (3). In a series of 
recent experiments using mice by Bucala and colleagues, MIF 
has been rediscovered as a pro-inflammatory cytokine that 
has the potential to override the anti-inflammatory action of 
glucocorticoids (5, 6). In sepsis, the level of MIF in blood in- 
creases, and administration of recombinant MIF enhances le- 
thality. Conversely, pre-injection of an anti-MIF antibody could 
fully protect mice from lethal endotoxemia (4). Although it 
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F/gure 4. Immunostaining for MIF in the lungs of rats (originakmagnification: X200). Positive immunostaininq for MIF was demonstrated 
even in the control rats within the bronchial epithelial cells <*) and alveolar macrophages (fl). There was a moderate increase in immuno- 
staining of bronchial epithelial cells (C) and alveolar macrophages (D) at 24 h after LPS injection. The tissue specimen reacted with ore- 
immune rabbit IgG as a negative control; bronchial epithelialx^fs (£), and alveolar macrophages (F). 



has been reported that the major sources of MIF secretion are 
the pituitary glands and macrophages as well as T lympho- 
cytes (4, 6, 17), it is now known that the MIF g^ne is expressed 
in a wide variety of cells, tissues, and organs, including the 
brain, spleen, liver, muscle, and kidney (7, 1 l). We previously 
reported for the first time the crystal structure of MIF (18), 
and provided evidence that MIF is also present'in the differen- 
tiating cells of the cornea and the skin (8, 9). \ . V ; 



There has been, to our knowledge, only one report examin- 
ing the presence of MIF in the lungs in experimentally in- 
duced endotoxemia (11). In this study, positive immunostain- 
ing for MIF was observed in untreated animals within the 
bronchial epithelium and in alveolar macrophages. The level 
of MIF mRNA increased markedly 24 h after LPS administra- 
tion. These findings on the localization of MIF in the lungs 
agree with those previously reported in animals as well as in 



Zi 



578 



AMERICA fsl JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 158 1998 



Control LPS,24h 




figure 5. Northern blot analysis. Prominent expression of MIF was 
demonstrated in the lung tissues from control rats; Its mRNA level 
increased to 24 after LPS administration. 



humans (11, 12). In this study, however, we could not detect a 
significant increase in the immunologic level of MIF in BAL 
fluids in the rats that had been given LPS, although marked el- 
evations in the serum level were seen 4 and 24 h after LPS ad- 
ministration. Failure to recognize increased levels of MIF in 
BAL fluids in those rats may have occurred -because the lung 
injury caused by LPS was not severe enough' in this experi- 
ment. The model of LPS-induced acute lung injury in rats re- 
sembles ARDS in patients, and intraperitoneal administration 
of LPS generally results in neutrophil recruitment in thehijigs 
and increased vascular permeability (19, 20)^ It is not clear 
why the dose of LPS used in this study did not cause severe 
lung damage, leading to a significant increase in ihe W/D weight 
ratio in the LPS-treated rats. In this study, we gave 7 mg/kg LPS 
to each rat, which is not considered to be a small quantity. 

The mechanism by which the anti-MIF antibody attenu- 
ated neutrophil accumulation in the lungs was thought fo be, 
at least in part, due to its suppressive effect on-a putative .neu- 
trophil chemokine, MIP-2/CINC-3. In this experiments the 
level of MIP-2/CINC-3 in BAL fluids was significantly Tower 
in the anti-MIF Ab group than in the LPS group 4 h after. LPS 
administration. It was recently reported that MIP-2/CINC-3 
plays a significant role in the LPS-induced inflammatory re- 
sponse in rat lungs and is required for the full recruitment of 
neutrophils (21, 22). The peak level of MIP-2/0INC-3 in BAL 
fluids was observed 4 h after intratracheal instillation of LPS 
in these studies. It remains to be elucidated whether this sup- 
pressive effect of the anti-MIF antibody on a neutrophil chemo- 
kine is a direct action of the antibody itself on MIF as a pro- 
inflammatory cytokine, or an indirect effect ;potentiating the 
action of endogenous glucocorticoids, which MIF is reported 
to counter-regulate. ; ' I 

Despite long-term intensive research efforts, the etiology 
of ARDS remains uncertain and no specific therapy has 
proven effective in either preventing or reversing the underly- 
ing injury (23). A number of trials using antibodies or ii^iibi- 
tors against various stages of the inflammatory process have 
been experimentally attempted. They included neutrophil 
elastase inhibitor (24), antibodies to E- and L^electin (25), an 
antibody to IL-8 (26), and an antibody to endotoxin (27). 
However, none of them has demonstrated any significaiit im- 
provement in clinical trials. As an endogenous inhibitor of glu- 
cocorticoid action. MIF may modulate the delicate balance 
between the proinflammatory cytokines, sucri. as TNF-a and 
IL-8, and the anti-inflammatory effect of endogenous stetoids 
in an early phase of ARDS. Since MIF is considered to be not 



merely one more cytokine because of its potential for overrid- 
ing the actions of endogenous steroids, the findings of this 
study may lead to new anti-inflammatory therapy for ARDS. 
Further studies will be required to determine the effect of the 
anti-MIF antibody on severe lung injuries and, moreover, its 
possible beneficial effect when the antibody is given after the 
initiation of lung injury. 
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Background Mast cells, a cell type involved in inflammatory reactions, are present in 
coronary atheromas and localize to the erosion or rupture site of atheromas in myocardial 
infarction. Here we report the presence of TNF-a, a proinflammatory cytokine, in mast 
cells of human coronary atheromas. 

Methods and Results From samples of 37 coronary arteries from subjects autopsied for 
medicolegal reasons, sections % of the bifurcation area of the left coronary artery were 
stained irnmiinohistochfemically for mast cells and TNF-o. In addition, macrophages, T 



lymphocytes, smooth muscle cells, and endothelial cells were investigated for their 
content of TNF-a. In normal intimas and fatty streaks, none of the cell types studied were 
TNF-or-positive. In 14 of the 24 atheromas found, TNF-a-positive cells were present. Of 
the total number of mast cells, 23% stained for TNF-o; of the macrophages, 1.3%; and of 
the smooth muscle cells, 0.4%. The majority (55%) of TNF-a-positive mast cells in the 
atheromas were located in the shoulder region and the remaining 35% in the cap and 10% 
in the core regions. Immunoelectron microscopy showed that the TNF-o in mast cells 
resided within their cytoplasmic secretory granules, demonstrating that these cells contain 
stores of TNF-» that will be released on degranulation. 

Conclusions This study demonstrates the presence of mast cells with TNF-o-containing 
secretory granules, particularly in the shoulder region of human coronary atheromas. By 
releasing their TNF-o, mast cells may play an active role in the inflammatory reactions of 
these rupture-prone areas of atheromas. 
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Activated mast cells are present in human coronary atheromas. They accumulate 
especially in the shoulder region of atheromas, the predilection sites of atheromatous 
rupture.- Indeed, infiltrates of activated mast cells are present at the sites of coronary 
atheromatous erosion or rupture in myocardial infarction. 1 It was recently shown that the 
sites of atheromatous rupture contain a strong inflammatory component/ TNF-<*, an 
important mediator of inflammatory reactions,- 1 has been found in several cell types 
(SMCs, macrophages, and endothelial cells) present in human atheromas,- 2 and this 
cytokine is also found in skin mast cells- and in lung mast cells. 2 m Indeed, mast cells 
have been found to be unique in that they both synthesize and store TNF-a,— and they 
often participate in inflammatory reactions.— For these reasons, we searched for evidence 
of the presence of TNF-a in the mast caslls in human coronary atheromas. 
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Autopsy Material and Tissue Preparation 

The autopsy series comprised 37 subjects, their ages ranging from 13 to 73 years. The 
causes of death were cardiovascular disease (n=12) and violent deaths (n=19), ie, 
accidents, homicides, suicides, and poisonings (n=6). From each cadaver, the unopened 
left coronary artery was removed from the heart, and three successive tubelike specimens 
were cut from the bifurcation area of the artery. For light microscopy, the specimens were 
fixed in Carnoy's fluid (60% ethanol, 30% chloroform, and 10% glacial acetic acid) for 24 
hours and embedded in paraffin. The mean interval between death and the start of fixation 
was 13 hours (range, 2 to 24 hours). Light microscopy was used to evaluate the 
atherosclerotic involvement of the coronary arteries. For this purpose, the sections (2 to 4 
jim) were stained with hematoxylin-ebsin or elastica-van Gieson's stain (Weigert's 
hematoxylin, metanil yellow, acid fucljsin, and picric acid). The normal intima 
demonstrated variable thickness and moderate overall cellularity. Fatty streaks were 
recognizable as subendothelial and/or ^eep intimal collections of foam cells (containing 
numerous vacuoles). Atheromas appealed as intimal areas in which, in addition to foam 
cells, there were accumulations of extracellular lipid (large nonstaining areas interspersed 
with typical cholesterol clefts). These .areas contained very few cells or were acellular, a 
sign of cell loss (necrotic lipid core), aftid covered by fibrotic tissue of various thicknesses 
(cap). Using these criteria, we found areas in which the intima appeared normal in all 37 
subjects; 30 subjects also had fatty streaks, and 24 subjects, in addition to fatty streaks, 
had atheromas. In the atheroma, the various cell types to be studied were counted 
separately in the cap, core, and shoulder regions. Fig 1A* shows a light microscopic view 
of a segment of a ring from the bifurcation area of the left coronary artery displaying an 
atheroma. Also shown are thevarious regions of the atheroma (cap, core, and shoulder) 
(Fig IB*). For immunoelectron microscopy, specimens were fixed for 3 hours in 3% 
paraformaldehyde, dehydrated, and embedded in LR white resin. Sections (1 ^im) of these 
specimens were stained with toluidine blue and observed with light microscopy for 
orientation of the site and for evaluation of the atherosclerotic involvement of each 
specimen. 




Immunocytochemistry 

For immunocytochemistry, fixed serial sections (2 to 4 ^m) were dewaxed in xylene and 
rehydrated in a graded series of ethanbl solutions, and endogenous peroxide activity was 
inhibited by incubation in 0.6% H2O2 in methanol. The sections were then incubated with 
one of the following: anti-tryptase monoclonal antibodies G3 (1.5 |ig/mL) and B7 (4 
Hg/mL) (kind gifts from Dr L.B. Schwartz, Medical College of Virginia, Richmond) for 
mast cells 1 ^ ; HAM 56, a monoclonal antibody for macrophages (1 :50); UCHL 1, a 
monoclonal antibody for T lymphocytes (1:50); and a polyclonal antibody for von 
Willebrand factor for endothelial cells : ( 1:2000) (all from Dakopatts); a monoclonal 
antibody for a-smooth muscle actin for SMCs (1:12 000) (from Sigma Chemical Co); and 
a monoclonal antibody for TNF-<* (1 jig/mL) (from Boehringer Mannheim). Mast cells 
and SMCs were stained according to the indirect immunoperoxidase method, and T 
lymphocytes, macrophages, and endothelial cells were stained by the avidin-biotin 
complex method, as recently described. 1 - TNF-<* was stained by a modified avidin-biotin 
complex method to enhance the reaction, as follows: the sections were first incubated 
with normal horse serum for 1 0 minutes and with anti-TNF-<* for 75 minutes, then with 
bridge antibody for 10 minutes, with avidin-biotin complex for 10 minutes, and again 
with bridge antibody for 10 minutes and with avidin-biotin complex for 10 minutes. The 
sections were then incubated overnight with anti— TNF-<a, 10 minutes with the bridge 
antibody, 10 minutes with avidin-biotin complex, and 15 minutes in diaminobenzidine- 
peroxidase substrate solution. Finally, ihe samples were incubated with avidin-biotin 
complex for 1 0 minutes, stained again with diaminobenzidine-peroxidase substrate, and 
counterstained with Mayer's hematoxylin. All staining steps were carried out in a 
humidified chamber at 37°C except the overnight TNF-a incubation, which was carried 
out at room temperature. Indirect evidence that the antibody against TNF-« was 



recognizing this cytokine (positive controls) was obtained by staining one skin specimen 
and two colon cancer specimens.- As expected, HAM 56-positive cells (macrophages) 
stained positively for TNF-<*. Similarly, in skin, several tryptase-positive cells stained 
positively for TNF-«. Moreover, some basal keratinocytes stained positively, as also 
previously demonstrated by \lalsh et al.- As negative controls, we used sections from one 
brain- stained for TNF-<* as described above and coronary sections in which the primary 
antibody was omitted or replaced with normal serum (irrelevant antibody). In these 
sections, no positive staining was observed. Immunopositive mast cells, T lymphocytes, 
macrophages, SMCs, and endothelial cells were counted at x 100 magnification. 
Magnification x 1 000 was used to observe degranulation of mast cells. 

Immunoelectron Microscopy 

The ultramicrotome sections of LR white resin— embedded samples on nickel grids were 
incubated at room temperature with buffer (PBS containing 3% BSA) for 10 minutes and 
then overnight with anti-TNF-o (10 ^ig/mL). After two rinses in the buffer, the sections 
were incubated for 2 hours in 10 nm gpld-labeled anti-mouse IgG+IgM (1 :25) 
(Amersham) and finally stained withuranyl acetate and lead citrate. As negative controls, 
we used coronary sections in which the primary antibody was omitted or replaced with 
normal serum (irrelevant antibody). In these sections, no TNF-« staining was observed. 
The ultramicrotome sections were viewed with a Jeol JEM-1200EX transmission electron 
microscope at the Departmei$;of Electron Microscopy, University of Helsinki. 

Statistical Analysis ' 

The proportion of TNF-ar-positive cells was analyzed by logistic regression with a cell 
type (mast cells, macrophages* or SMCs) and a region of an atheroma (shoulder, cap, or 
core) used as explanatory variables. EiJdothelial cells and T lymphocytes were excluded 
from the analysis, because no TNF-a positivity was found in these cells. Differences were 
considered statistically significant when P<.05. 
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To demonstrate the presence of mast cSlls containing TNF-a in coronary atheromas, serial 
sections of atheromatous coronary specimens from the bifurcation areas of left coronary 
arteries were stained with monoclonal antibody against mast cell tryptase and against 



TNF-a. Fig 2A* shows a typical example of mast cells in the shoulder region of a 
coronary atheroma; the five tryptase-containing mast cells are stained red-brown. When 
the same area was stained with anti-TNF-<* antibody, four cells stained positively (Fig 
2B*, brown). Comparison of the two adjacent sections revealed that, of the four TNF-«— 
positive cells, in this particular field, three were mast cells. 




We also stained the serial sections with antibodies against macrophages, T lymphocytes, 
SMCs, and endothelial cells. The frequency of TNF-a positivity in normal and 
atherosclerotic lesions as a function oif histological classification is shown in Table 1*. All 
37 subjects studied had normal intima^30 had fatty streaks, and 24 had not only fatty 
streaks but also atheromas. The total number of mast cells counted in the normal intimas 
was 106; in the fatty streaks, 350; and in the atheromas, 542. In the areas classified as 
normal or as fatty streaks, there were no detectable TNF-<*-positive cells. In 14 of 24 
atheromas, TNF-o-positive cells were visible. TNF-a-positive staining was found in three 
cell types: mast cells (in 8 atheromas), macrophages (in 8 atheromas), and SMCs (in 7 
atheromas). In these samples, T lymphocytes and endothelial cells did not stain for TNF-<* 
. In 4 of 14 atheromas, TNF-<*-positivfc mast cells, macrophages, and SMCs were found. 
In the remaining 10 of 1 4 atheromas, only one or two of the above cell types were TNF-a 
positive (see Table 1 *). 
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We next made a separate study of the three regions of atheromas: shoulder, cap, and core 
(Table 2*). Of the total number (n=54?) of mast cells found, 23% (n=124) stained for 
TNF-a, whereas only 1 .3% of the macrophages and 0.4% of the SMCs stained for TNF-a. 
The frequencies of TNF-<*— positive mast cells in the various regions of the atheromas 
were as follows: 31% (68/219) in the shoulder, 26% (43/165) in the cap, and 8% (13/158) 
in the core region. It appeared that most (55%; 68/124) of the TNF-o-positive mast cells 
were located in the shoulder region, 35% (43/1 24) in the cap region, and the remaining 
10% (13/124) in the core region. In contrast to the mast cells, the TNF-r*-positive 
macrophages and SMCs were evenly distributed among the three regions of the 
atheromas. 




To search for evidence of TNF-a storage in mast cell granules, we turned to 
immunoelectron microscopy. Ultramicrotome sections obtained from coronary atheromas 
were stained with anti-TNF-a, and 10 hm gold IgG+IgM were used as secondary 
antibodies. Fig 3* shows a typical mast cell in the shoulder region of a coronary atheroma 
staining positively for TNF-a^TNF-a (gold particles) can be clearly seen within the 
cytoplasmic secretory granules of mast cells. Furthermore, in agreement with the light- 
microscopic results, we failed to observe TNF-a positivity in any cells in normal intima or 
in fatty streaks when examined by immunoelectron microscopic techniques. 
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The observation of TNF-<* storage in mast cell granules is compatible with the view that 
one mechanism of TNF-a secretion by- coronary mast cells is exocytosis of TNF-a- 
containing granules. Accordingly, we iiext examined the mast cells at high magnification 
(x 1000) to detect extracellularly located granules. Table 3* shows the results of this 
study. It appears that in each atheromatous region, a significant proportion of the mast 
cells had degranulated. 
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The present study shows that mast cells in human coronary atheromas 
contain TNF-a. As in earlier studies, we also found mast cells in normal 
intima and in fatty streaks. 1 - However, in contrast to the mast cells in 
atheromas, the mast cells in normal intima and in fatty streaks did not j 
contain detectable amounts of TNF-a. Thus, as the atherosclerotic process j 
advances (fatty streak-*athert)ma), the'phenotype of a fraction of the 
intimal mast cells changes into an inflammatory one, as reflected by their i 
TNF-a positivity. This finding is in accord with the observation that other intimal cell 
types, such as macrophages and SMCs; also began to express TNF-a as the 
atherosclerotic process advanced, an observation made by Barath et al.- - Similar disease- 
related upregulation of TNF-a;has been observed in lung mast cells in patients suffering 
from atopic asthma.- 

In the atheromatous lesions, the mast cells were shown to store TNF-a in their 
cytoplasmic secretory granules. Earlier studies with mouse peritoneal mast cells and with 
human dermal and lung mast cells have demonstrated that mast cells are capable of 
synthesizing TNF-a for storage in their granules.- 2 — Thus, in all these experimental 
systems, IgE-dependent mast cell stimulation with ensuing degranulation resulted in 
significant increases in mRNA for TNF-a in the degranulated cells. What factors might 
have triggered the generation of TNF-a stores in mast cells in the atheromas? In other cell 
types, both IFN-7 and TNF-a have been documented to stimulate TNF-o synthesis.- — 
Recent findings that human coronary and aortic atheromas contain greatly increased (10- 
to 20-fold) numbers of T lymphocytes, 1 2 a known source of IFN-7, 1 * 1 * and 
macrophages, 1 - a known source of TNF-a,— point to these two cell types as potential 
stimulators of TNF-o production in mast cells. In addition, the intimal SMCs, also a 
source of TNF-a,- - could stimulate the mast cells to synthesize TNF-a. Although the 
percentages of TNF-o— positive macrophages and SMCs were lower than that of mast 
cells, the absolute numbers of these cells were higher, making them potentially important 
sources of TNF-a. Because vascular lesions can exhibit enhanced expression of TNF-a,- 
cytokine regulation of TNF-a synthesis and storage by mast cells in the atheromatous 
lesions may bear in vivo relevance. 

» 1 

The observation that TNF-a is localized to the cytoplasmic granules in mast cells 
demonstrates that these cells are able to store TNF-a and suggests that, once the mast 
cells have been stimulated to degranulate, TNF-a can be released rapidly in sizable 
amounts. Indeed, we recently Jpund that the majority of the mast cells in the eroded or 
ruptured shoulder and cap regions haye extracellular granules in their vicinity, a sign of 
their degranulation.- In the present study also, signs of mast cell degranulation were found 
in the atheromas. What factors might trigger mast cells to degranulate? The best- 
understood immunological stimulus leading to degranulation of human mast cells is their 
activation on binding of a relevant antigen (allergen) to the IgE molecules present on the 
mast cells. 12 A second, and perhaps even more likely, pathway leading to mast cell 
degranulation is their stimulation by other immunologically activated cells, such asT 
lymphocytes— and macrophages, 12 two cell types also present in the shoulder and cap 
regions of coronary atheromas.- Moreover, atheromatous plaques activate complement 
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and produce C5a, m a powerful activator of mast cells. 21 Admittedly, we cannot exclude 
the possibility that some coronary mast cells degranulate after death. 

The mast cell-derived TNF-a may have several proinflammatory actions in coronary 
atheromas. It is known that T^kF-» upregulates the leukocyte-endothelial adhesion 
molecules vascular cell adhesion molecule- 1 and intercellular adhesion molecule-1 22 
Interestingly, stimulation of'kuman dermal mast cells results in release ofTNF-a, which 
induces expression of endothelial-leukocyte adhesion molecule- 1 on dermal 
endothelium.- Therefore, the observation that TNF-a is expressed in the subendothelial 
mast cells of atheromas (ie, in the shoulder and cap regions) suggests that the mast cells 
are involved in recruitment of macrophages and T lymphocytes into the lesions. 
Moreover, TNF-a may enhance the growth of T lymphocytes- and, by this means, may 
also contribute to the strongly increased (10-fold) number of T lymphocytes in atheromas 
compared with normal coronary intima. 1 2 TNF-c* is also known to enhance the number of 
IL-2 receptors on T lymphocytes and to induce production of IL-1, PGE 2 , and hydrogen 
peroxide in macrophages. 4 Thus, one important function of the TNF-o-containing mast 
cells of atheromas could be amplification of the immune response in these lesions. 

4 

Finally, an important concept is emerging that increased activity of enzymes required for 
extracellular matrix digestion (MMPs) are causing coronary atheromas to rupture. 21 — — 
The MMPs are synthesized and secreted by SMCs and macrophages of the atherosclerotic 
lesions.— 24 — In vitro studies have shown that both TNF-a and IL-1 stimulate SMCs to 
synthesize de novo 92-kD gektinase, interstitial collagenase, and stromelysin, the three 
major MMPs found in atherosclerotic J esions.— Moreover, we have observed that TNF-a 
stimulates production of 92-kD gelatinaseby human monocytes-macrophages in vitro. 22 
Thus, activation of TNF-or-containing mast cells in human coronary atheromas, with 
ensuing degranulation and TNF-a release, could locally weaken the atheroma and lead to 
atheromatous erosion or rupture. 2 ; 

In conclusion, the present study reveals that a fraction of the mast cells in human 
coronary atheromas contain a potent proinflammatory cytokine, TNF-a. This observation 
strengthens the notion that mast cells play a role in the initiation and maintenance of the 
inflammatory process found in advanced human coronary atheromas. 

Limitations of the Study 

In this autopsy study, in which TNF-ojrpositive mast cells in human coronary atheromas 
are described for the first time, the spepimens were examined 2 to 24 hours after death. 
These conditions are suboptimal for detection of cytokine-positive cells by 
immunohistochemistry. Accordingly, the number of atheromas with TNF-o-positive cells 
is likely to represent an underestimate of the actual proportion of the atheromas in which 
cells were TNF-o-positive. Despite these problems, comparison between normal intima, 
fatty streaks, and atheromas was of interest, since it revealed that TNF-o-positive cells 
are found only in the most advanced lesions, which contain a strong inflammatory 
component and are prone to rupture. 
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Abstract In experimental studies in vitro, mast cells have induced uptake of 
apolipoprotein B-100 (apoB-100)-contiaining low-density lipoproteins by macrophages, 
with the subsequent formation of foam cells, the hallmarks of atherosclerosis. Recently,' 
increased numbers of activated, ie, degranulated, mast cells were found to be present in 
human coronary fatty streaks and atheromas. We therefore sought evidence of a 
connection between mast cells and foam cell formation in vivo. In electron microscopic 
studies of human aortic and coronary fatty streaks and atheromas, exocytosed cytoplasmic 
secretory granules of mast cells were detected in the vicinity of their parent cells. These 
exocytosed granules had bound apoB'- l 00-containing lipoproteins, as indicated by their 
positive staining with MB 47, a monoclonal antibody against apoB- 100. A smooth 
muscle cell was observed to be in the process of phagocytosing one such exocytosed 
granule, and in the vicinity of a degratfulated mast cell a foam cell contained an ingested 
mast cell granule. Therefore, the micrographs show that exocytosed granules of intimal 
mast cells may contribute to intimal foam cell formation and suggest a role for mast cells 
in human atherogenesis. More generally, the findings provide evidence that phagocytosis 



of apoB-100-carrying particles is one mechanism by which lipoproteins enter human 
arterial intimal cells. 



Key Words: atherosclerosis • exocytosis • mast cells • low-density lipoproteins • 
phagocytosis 



The earliest recognizable gross lesion in atherogenesis, the fatty streak, is characterized 
by accumulation of LDL-deri ved cholesteryl esters in the cells of the arterial intima, with 
formation of foam cells. 1 1 Foam cells :are also present in the growing edges, the shoulder 
regions of late atherosclerotic lesions referred to as atheromas. Most foam cells have been 
shown to arise from macrophages that originally migrated from the circulation, 1 and a 
variable fraction of them are derived from smooth muscle cells that have migrated to the 
intima from the medial layer of the artery.- Mast cells are also present in the arterial 
intima, and the number of activated, ie, degranulated, mast cells is increased in human 
aortic and coronary fatty streaks and in the shoulder regions of atheromas. 1 - Moreover, 
mast cells are an integral part of aortic fatty streaks in cholesterol-fed African green 
monkeys. 2 

Since uptake of LDL through the classical LDL receptor pathway does not lead to 
cholesterol accumulation in cells,- foam cell formation must depend on other 
mechanisms. Indeed, a specific chemical modification of the apoB-100 component of 
LDL is followed by massive uptake of LDL by another receptor-mediated mechanism, 
called the "scavenger receptor" pathway.- In addition, foam cells may be generated by 
phagocytic uptake of LDL aggregates or of LDL bound to other macromolecules or to 
their aggregates.— It is generally held that modifications of LDL and formation of 
complexes between LDL and macroftiolecules or their aggregates occur locally in the 
arterial intima by the action of the intimal cells. n 

In previous studies in vitro with rat serosal mast cells, we found that stimulated mast cells 
induced uptake of LDL by cocultured mouse peritoneal macrophages.— In rat serosal 
mast cells, the model used in our studies, the cytoplasm is filled with secretory granules, 
which upon stimulation of the mast ceJls are expelled into the extracellular fluid.— — 
There the soluble components of the granules, ie, histamine and a fraction of their 
proteoglycans, are released and diffuse away. In contrast, the major granule components, 
two neutral proteases (a chymotryptic endopeptidase chymase and an exopeptidase 
carboxypeptidase A), and the major fraction of the heparin proteoglycans remain tightly 
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bound to each other, forming extracellular "granule remnants." 12 When rat serosal mast 
cells were cpcultured with mouse peritoneal macrophages and stimulated in the presence 
of LDL, the apoB-100 component of the LDL particles was bound by the heparin 
component of the granule remnants, arid these LDL-coated granule remnants were 
phagocytosed by the macrophages, the result being massive uptake of LDL by the 
macrophages.— 

On stimulation of rat serosal mast cells, most of the granules exposed to the extracellular 
fluid remain in the degranulation channels, and, like the granule remnants expelled into 
the extracellular space, these remnants„ too bind LDL.— Such LDL is rapidly (within 
minutes) internalized by the mast cells, along with the remnants. The mast cells recover 
rapidly from stimulation and are soon^within hours) ready for a second stimulation. On 
restimulation, the already-LDL-loadecf granule remnants may be expelled and then carry 
their cholesterol load to macrophages. However, some of these LDL-loaded remnants 
remain in the channels and bind more LDL. Thus, a mechanism was discovered by which 
LDL cholesterol can accumulate in mast cells.— 

■ 

The presence of activated mast cells in' the human arterial intima, where high LDL 
concentrations prevail and where foam cells are formed, prompted us to search for 
evidence of mast cell— dependent foam cell formation in this tissue site. The availability of 
monoclonal antibodies against apoB-100 and against tryptase, a neutral protease specific 
to human mast cells,— allowed us to test this possibility with the aid of immunoelectron 
microscopic studies. The results revealed a novel extracellular carrier system of LDL in 
vivo, in which exocytosis and phagocytosis of mast cell granules are coupled. This 
pathway leads to transcellular transfer of mast cell granule remnants, which thus, when 
carrying LDL, contributes to the initiation of human atherogenesis. 



An autopsy series comprising 1 9 subjects (1 5 males, 4 females) 24 to 84 years old was 
used for this study. The causes of death were cardiovascular disease (n=5), violent deaths, 
ie, accidents and suicides (n=8), and poisoning with self-administered alcohol and drugs 
(n=6). The autopsy material (abdominal aorta and left coronary artery) was obtained 
within 24 hours of death (range 2.5 to 24 hours; mean 10 hours). The aortic samples 
(n=19) included macroscopically identifiable fatty streaks (n=18) and raised 
atheromatous lesions (n=15), and the coronary samples included the (unopened) 
bifurcation area of the left coronary artery (n=10). Specimens for electron microscopy (1 1 
aortic and 5 coronary) were fixed for 3 hours in a solution containing 2% glutaraldehyde 
and 1.5% paraformaldehyde and postfixed in osmium tetroxide. The samples were then 



dehydrated, embedded in Epon, sectioned with an ultramicrotome, and finally stained 
with uranyl acetate and lead citrate. For immunoelectron microscopy, specimens (8 aortic 
and 5 coronary) were fixed for 3 hours in 3% paraformaldehyde, dehydrated, and 
embedded in LR white resin. The ultraipicrotome sections on nickel grids were incubated 
at room temperature with buffer (PBS containing 3% BSA) for 10 minutes and then for 4 
hours with anti-tryptase G3 monoclonal antibody (kindly provided by Dr L. B. Schwartz, 
Medical College of Virginia, Richmond) or with anti-apoB-lOOMB 47 (1:100) (kindly 
provided by Dr J. L. Witztum, University of California, San Diego, La Jolla SCOR). 
After two rinses in the buffer, the sections were incubated for 2 hours in 10 nm gold- 
labeled anti-mouse IgG+IgM (1 :50) (Amersham) and finally stained with uranyl acetate 
and lead citrate. In sections serving as negative controls, the primary antibody was 
omitted or replaced with normal serum (irrelevant antibody). In these sections no apoB- 
100 staining was observed. The sections (1 ixm) were stained with toluidine blue and 
observed with light microscopy for orientation of the site and for evaluation of the 
atherosclerotic involvement of the arteries.- - The ultramicrotome sections were viewed 
with a Jeol JEM-1200EX transmissioiielectron microscope at the Department of Electron 
Microscopy, University of Helsinki. 
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Fig 1 ♦ shows a light micrograph of a section of an atherosclerotic human left coronary 
artery stained with toluidine blue. The lesion was classified as a fatty streak because it 
contained foam cells. This lesion also contained typical mast cells, which could be 
identified by their contents of metachromatic cytoplasmic granules. We could identify 
mast cells in all coronary fatty streaks examined (number of subjects, 10). 




To search for evidence of the granulexparrier mechanism in which apoB-10Q-containing 
lipoproteins are bound to exocytosed mast cell granules, we turned to immunoelectron 
microscopy. For this purpose, coronary fatty streaks from five subjects were studied. 
First, mast cell granules were identified with anti-tryptase antibody. Fig 2* shows an 
immunoelectron micrograph of a mast cell present in a fatty streak lesion of the coronary 
intima. Several intracellular tryptase-positive granules and four tryptase-positive 
extracellularly located mast cell granule remnants are visible. Indeed, 138 (71%) of the 
total of 194 mast cells that were identified and photographed had extracellular granule 
remnants in their vicinity. Therefore, in the atherosclerotic lesion shown (as in the other 
lesions studied), mast cells were degrapulated, signifying their stimulation. Most 
important, the necessary condition for the granule carrier mechanism to operate, ie, the 
presence of granule remnants in the extracellular space, was fulfilled. 
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We next searched for evidence of apoB-100 binding to mast cell granule remnants and 
stained the sections with monoclonal antibody MB 47 against the apoB-100 component 
of lipoproteins. Fig 3* shows an immunoelectron micrograph of a stimulated mast cell 
with one exocytosed granule. This extracellularly located granule remnant stained for MB 
47, an observation made in three of the five samples studied. In sharp contrast, the 
extracellular matrix seen in this specimen is totally devoid of apoB-100, as evidenced by 
failure to stain for MB 47. In the other samples studied, occasional gold particles could be 
observed in the extracellular matrix; in each case, however, the density of the gold 
particles was smaller in the matrix than in the extracellular mast cell granules. 




As described above, the granule remnants remaining in the degranulation channels of rat 
serosal mast cells bind LDL particles and internalize them. Similarly, in the mast cells of 
the coronary lesions we regularly fouuci apoB- 1 00-positive granule remnants (ie, the 
granules had bound LDL or other apoB-1 OO-containing lipoproteins), whereas the 
cytoplasm of such cells was practically devoid of apoB-100. Fig 4* shows an 
immunoelectron micrograph of a mast cell with several intracellular granules that stain 
positively for MB 47. Notably, the MB 47— positive granules are electron transparent and 
the MB 47— negative granules are electron dense. Electron transparency of a granule 
reveals that the particular granule has been in contact with the extracellular fluid and has 

if in 

lost some of its contents.- The above finding was made in four of the five samples 

studied and corroborates the idea that any apoB- 100 bound to intracellular granule 
remnants has an extracellular origin. 




* * 

Fig 5 A* shows an electron micrograph of a mast cell and a smooth muscle cell in an 
aortic fatty streak. In addition to the electron-dense cytoplasmic granules, electron- 
transparent granules and also empty niembrane-bound vacuoles can be seen inside the 
mast cell, revealing that this particular cell has previously been stimulated to degranulate. 
At higher magnification (Fig 5B*) ? one exocytosed mast cell granule (arrow) can be 
detected. At this magnification, the heterogeneous morphology of the mast cell granules 
can be discerned: Several intracellular granules contain the scrolls— typical of human 
mast cells (seen in both cross and longitudinal sections). The single extracellularly 
located granule also displayed the typical structural pattern of mast cell granules, ie, 
several sets of parallel stripes (scrolls in longitudinal view) and one set of concentric 
circles (scroll in cross section; arrow).^This panel also shows a large cytoplasmic cell 
projection (pseudopod) extending from the smooth muscle cell at the site where the 
granule remnant is located. Fig 5C+ shows the next section cut from this area, in which 
the remnant is surrounded by two smaller pseudopods, one on each side. Thus, the 
smooth muscle cell appears to be in the process of engulfing the granule remnant. This set 
of micrographs displayed all the necessary components to perform the steps of the 
granule-mediated carrier pathway (ie, the parent mast cell, the exocytosed granule 
remnant, and the phagocytosipg cell vfrth pseudopods directed toward the granule 
remnant) visualized together. This finding was observed in 2 of 18 aortic samples. 




Fig 6* shows an immunoelectron micrograph of an aortic fatty streak in which mast cell 
granules were identified with the anti-tryptase antibody. Adjacent to a mast cell, a small 
section of a typical foam cell with large empty vacuoles is seen. The foam cell contains 
one tryptase-positive particle that is thus identified as a granule remnant. In three of eight 
aortic samples studied, a granule remnant—containing foam cell could be observed. 
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The current study demonstrates that exocytosed mast cell granules, ie, granule remnants, 
bind apoB-100-containing lipoproteins present in the intimal fluid of human aortic and 
coronary vessels. Indeed, we regularly observed binding of apoB-100 to the exocytosed 
granules. Since some of the apoB-10O-containing lipoproteins are lost during tissue 
processing (fixation, dehydration, andstaining), the above observation shows that the 
apoB-100-containing lipoproteins are bound to the exocytosed granules rather than to the 
extracellular matrix. This suggestion is supported by the fact that, among the 
glycosaminoglycans present in the intima, heparin, the component of mast cell granules 
responsible for binding apoB-100, has the highest density of negative charges.^Heparin 
can therefore interact most extensively* with the positively charged amino acid residues of 
the apoB-100.— Another reason for the more intense reaction of MB 47 with LDL bound 
to the heparin proteoglycans of granule remnants than with LDL bound to (chondroitin 
sulfate) proteoglycans of the arterial extracellular matrix could be differences in binding 
of apoB-100 to these two types of proteoglycans, 21 — — thus leading to differential 



exposure (or steric hindrance) of the epitope responsible for binding MB 47. M Moreover, 
a specific mechanism that increases^ strength of binding between LDL particles and 
mast cell granule remnants was recently discovered.— When the apoB-100 component of 
granule-bound LDL is proteolyzed by granule chymase, the LDL particles become 
unstable and fuse, and the fused particles bind more tightly to the granule remnant 
heparin proteoglycans. 

* * 

The present study also describes a mechanism by which exocytosed mast cell granules 
carry apoB-100-containing lipoproteins intointimal cells. The electron microscopic 
studies do not allow us to conclude which of the apoB-100-containing lipoproteins 
present in the intimal fluid [VLDL remnant-like particles, LDL, or LP(a)] 2 * — - had 
actually bound to the granules. Since, of the total immunoreactive apoB-100 in 
lipoproteins isolated from atherosclerotic intima, most (>95%) is present in LDL-like 
particles, it is likely that the majority of granule-associated apoB-100 also represents 
binding of LDL.— 22 

The efficiency of the granule-remnaiit carrier system in the intima must depend on the 
number of carriers available and their binding capacity. In atherosclerotic lesions the 
number of degranulated mast cells is increased,- indicating that during atherogenesis 
more granules are available for lipoprotein binding. The binding capacity of exocytosed 
rat mast cell granules has been studied in detail.™ Thus, each exocytosed granule has the 
capacity, depending on its size, to bindi maximally 5000 to 10 000 LDL particles. We 
have also observed that the proteolytic activity of a granule remnant increases its maximal 
capacity to bind LDL. M Degradation of the apoB-100 moiety of the granule-remnant- 
bound LDL by the also granule-remnant-bound chymase is followed by fusion of LDL 
particles, whereupon the capacity of the remnants to carry LDL increases fivefold. 
Accordingly, the human granule remnants containing chymase in addition to tryptase 
have the potential to bind extra LDL and thus become even more efficient carriers. Since 
the concentration of LDL usually found in the intimal fluid- (1500 jig/mL of apoB-100) 
is far higher than that required to saturate granule-remnant binding sites (25 jig/mL), the 
exocytosed granules in the intimal fluid are likely to be maximally loaded with LDL. 
However, the current morphological studies do not allow any conclusions about the 
quantitative significance of the granule carrier mechanism in foam cell formation in 
human arterial intima. Neither have other mechanisms of foam cell formation been 
quantified in human atherogenesis. Thus, it remains to be shown how important the newly 
described mechanism is in comparison" with all of the other mechanisms of intimal foam 
cell formation. • . \; 

■ .*■ 

The natural fate of an exocytosed mast cell granule is to be phagocytosed by the cells 
present in the vicinity of the degranulated mast cell.— — Hence, the factors responsible for 
granule-remnant traffic in the intimal . space are the rates of granule exocytosis and 
granule phagocytosis. The mast cells in the atherosclerotic areas reside in an inflamed 
area where many potential mast cell activators are present. Among these are activated T 
lymphocytes, activated macrophages, and activated complement^ Indeed, in human 
coronary fatty streaks the degree of mast cell degranulation was recently found to be 
markedly increased (from 1 8% in normal intima to 52% in fatty streaks).- Similarly, in 



the present study 71% of the mast cells in the arterial (coronary or aortic) intima showed 
signs of degranulation. Thus, we can infer that the majority of the mast cells actively 
participated in the granule-remnant carrier system. In contrast to degranulation (ie, 
granule exocytosis), no quantitative data are available on granule phagocytosis in the 
various intimal lesions. However, it appears that, in the intima, mast cells reside in a 
tissue composed of many cells capable of phagocytosis. Thus, as the smooth muscle cells 
leave the medial layer and enter the intima, their phenotype is switched from contractile 
to synthetic, and this change in phenotype is accompanied by an apparent increase in 
phagocytotic capacity. 15 Indeed, we recently found that smooth muscle cells of synthetic 
phenotype actively phagocytose exocytosed mast cell granules, and that, in vitro, the 
granule remnants can carry LDL into the cells and induce their conversion into foam 
cells.— Similarly, as the blood monocytes enter the atherosclerotic intima, they 
differentiate into tissue macrophages and become activated, and their phagocytic capacity 
increases.— Accordingly, the necessary conditions for the two events in the granule 
carrier pathway, granule exocytosis and phagocytosis, prevail in the atherosclerosis-prone 
areas of human arterial intima. 

A carrier mechanism for cellular uptake of LDL was originally described in a cell culture 
system in which formation of LDL-dextran sulfate complexes in the incubation medium 
was associated with uptake of cholest^ryl esters by mouse macrophages ("piggyback 
system").^ Later, uptake of complexes between LDL and proteoglycans obtained from 
the arterial wall was also described.^ 3? — However, phagosomal uptake of such 
complexes in human atherosclerotic lesions has eluded direct observation so far. The 
current observations provide the first visual evidence that an exocytosis-phagocytosis— 
coupled carrier mechanism leads to uptake of apoB-100-containing lipoproteins by 
phagocytes in the human arterial intima. Unraveling the factors that regulate this novel 
pathway in the arterial intima is a challenge for the future. 
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Abstract 

Adjuvant-induced arthritis (ALA) is one of many animal 
models of rheumatoid arthritis, a disease characterized by a 
T-lymphocyte and macrophage cellular infiltrate. We have 
characterized the development of this disease model with 
respect to chemokine expression. Increased levels of two 
chemokines, RANTES, a T-lymphocyte and monocyte 
chemo-attractant, and KC a chemoattractant for neutro- 
phils, were found in whole blood and in the joint. Surpris- 
ingly, levels of MlP-lct, another T-lymphocyte and mono- 
cyte chemoattractant, were unchanged throughout the 
course of the disease in whole blood and only slightly ele- 
vated in the joint. RANTES expression plays an important 
role in the disease since a polyclonal antibody to RANTES 
greatly ameliorated symptoms in animals induced for AIA 
and was found to be as efficacious as treatment with in- 
domethacin, a non-steroidal anti inflammatory. Polyclonal 
antibodies to either MlP-lot or KC were ineffective. This is 
the first report to show the importance of RANTES in 
the development of AIA. (/. Clin. Invest 1998. 101:2910- 
2919.) Key words: RANTES • MlP-lot • KC • arthritis • 
chemokine 

Introduction 

Rheumatoid arthritis (RA) 1 is a chronic inflammatory disease 
characterized by infiltration of the synovial membrane with T 
lymphocytes and macrophages and pannus formation over the 
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1. Abbreviations used in this paper; AIA, adjuvant-induced arthritis; 
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tor for chemokines; MlP-la, macrophage inflammatory protein-la; 
RA, rheumatoid arthritis; RANTES, regulated upon activation, nor- 
mal T cell expressed and secreted. 
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underlying cartilage and bone (1). The pannus is rich in acti- 
vated macrophages secreting proteases and other inflam- 
matory mediators resulting in destruction of these tissues. In 
comparison with normal synovial fluid, which is essentially 
acellular, RA synovial fluid is abundant in neutrophils, mac- 
rophages, T lymphocytes, and dendritic cells. It is thought that 
both humoral immunity and cellular immunity operating at the 
same time may contribute to the pathology of the disease. 

A role for humoral immunity has been proposed based on 
the presence of rheumatoid factors in the sera of most RA pa- 
tients (2). Rheumatoid factors are autoantibodies that are di- 
rected against the Fc fragment of IgG. Cellular immunity is 
also thought to be important because of the linkage of RA to 
certain MHC-encoded T cell restriction elements (e.g., DR4 
and DR1 [3, 4]). Examination of RA synovial tissue shows 
high levels of proinflammatory cytokines IL-1 (5), TNF-a 
(6-8), IL-6 (6) and growth factors such as GM-CSF (7) and 
M-CSF (8), but the T cell-derived mediators IL-2 (8), IL-3 (8), 
IL-4 (9), and TNF-p (10) are either absent or present at low 
levels. These results have led some researchers to conclude 
that RA is not T cell driven (11) during the chronic phase of 
the disease. 

While the proinflammatory cytokines are thought to play a 
role in inflammation, there is also a role for those cytokines 
that are negative immunoregulators and that are inhibitors of 
inflammation. IL-10 is presumed to repress expression of 
TNF-a and IL-1 in RA since it was found that a monoclonal 
antibody that neutralized IL-10 resulted in elevated levels of 
these proinflammatory cytokines from RA synovial cell cul- 
tures (12). More importantly, treatment of mice with anti-IL-10 
antibody resulted in a worsening of the clinical score and 
raised the levels of the chemokines macrophage inflammatory 
protein-la (MlP-la) and MIP-2 in the joints of animals in- 
duced for type II collagen arthritis (13). 

The inflammatory process observed in RA is mediated, in 
part, by chemotactic factors released by inflamed tissues. The 
proinflammatory cytokines IL-lp and TNF-a are known to in- 
duce expression of small chemotactic proteins (i.e., chemo- 
kines) in a number of different cell types. Chemokines are sub- 
divided into two major classes, C-X-C and C-C, depending on 
the position of the first two cysteines (14). Regulated upon ac- 
tivation, normal T cell expressed and secreted (RANTES; ref- 
erence 15) and MlP-la (16, 17) are both members of the C-C 
chemokine family and have overlapping activities. Both of 
these chemokines can chemoattract T lymphocytes, although 
MlP-la preferentially attracts CD8 + cells (18, 19) while 
RANTES preferentially attracts CD4 + T lymphocytes (20). 
Both chemokines also attract monocytes (20, 21). Recently, 
MlP-la, and especially.RANTES, have been shown to be able 
to activate T lymphocytes and promote T cell proliferation 
(21, 22). These data suggest that RANTES may be involved in 



2910 Barnes et ah 



the clonal amplification of activated T cells indicating that 
RANTES can not only attract activated T cells but also induce 
the expansion of the activated population at local sites of 
RANTES production. RANTES and MlP-la mediate their ef- 
fects through specific binding to high affinity receptors ex- 
pressed on the surface of target cells (23). One of the receptors 
for these ligands, CCR1, is a member of a growing family of 
seven transmembrane domain, G protein-linked receptors 
(24). 

Recently, it was found that rheumatoid synovial fibroblasts 
upregulate RANTES mRNA in response to IL-lp, TNF-a, 
and ylFN. Rathanswami et al. (25) demonstrated, by Northern 
hybridization analysis and ELISA, that cultured synovial fi- 
broblasts isolated from rheumatoid patients were capable of 
expressing and producing RANTES and other chemokines in 
response to IL-lp. Snowden et al. (26) have used reverse tran- 
scriptase-PCR to detect RANTES mRNA in four out of "seven 
synovial tissue samples from rheumatoid arthritis patients. By 
contrast, osteoarthritis tissue does not express RANTES 
mRNA (26). These data constitute indirect evidence that 
RANTES may play a role in RA. The purpose of this study 
was to determine the role of RANTES in the development of 
the inflammatory process present in RA. This is only possible 
with the use of animal models and we have used an adjuvant- 
induced arthritis (AIA) model in Lewis rats. We also assessed 
the importance of other chemokines, including MlP-la and 
KC, in the AIA model by comparing control serum-treated an- 
imals to those in which chemokine production was blocked by 
treatment with polyclonal antibody. Our data indicates a spe- 
cific role for RANTES in the mediation of the inflammatory 
and destructive aspects of AIA. 

Methods 

Antibody. Polyclonal antibody to recombinant human RANTES was 
prepared by injecting New Zealand white rabbits with purified 
RANTES (250 jjug per injection) subcutaneously in incomplete Freund's 
adjuvant followed by subsequent boosts in incomplete Freund's. The 
serum was collected and titered against immunogen. Titer of the anti- 
body used in this study was 1/500,000 against human RANTES and 
1/50,000 for rat RANTES. It did not react with any other chemokine 
tested including: MlP-la, MIP-10, MCP-1, KC, MIP-2, IL-10, TNF-a, 
or IL-6. Polyclonal antibody to mouse MlP-la was described previ- 
ously (27) and had a titer of 1/1,000,000 for mouse MlP-la and cross 
reacted with rat MlP-la with a titer of 1/200,000. Polyclonal antibody 
to rat KC was obtained from PeproTech, Inc. (Rocky Hill, NJ) and 
had a titer of 1/200,000. 

Adjuvant-induced arthritis. All animal studies were approved by 
the Berlex Biosciences Institutional Review Board. Adult male Lewis 
rats (160-170 g) were injected with 0.1 ml of CFA containing 10 mg/ml 
of Mycobacterium butyricum subcutaneously in the proximal quarter 
of the tail essentially as described previously (28). The day of injec- 
tion is designated day 0. On days 3, 5, and 7, animals in a given study 
group were injected with the appropriate antibody or with normal 
rabbit serum (0.5 ml/injection per rat) i.p. Animals receiving in- 
domethacin received i.p. injections of 0.5 mg/kg per day in sterile sa- 
line. Vehicle controls for these animals were i.p. injections of sterile 
saline solution alone. Animals were monitored periodically for body 
weight, measurement of swelling of each hind paw, degree of redness 
and flexibility of the rear ankle joints. Each characteristic was then 
assigned a subjective score of zero to four. The sum of these, scores 
for each animal was determined and the total is designated as the 
clinical score, as described previously (29). 

Radiological score. Whole body radiographs were taken on day 



22 after induction and at the end of the study (day 34). Animals were 
anesthetized with sodium pentobarbital, 20 mg/kg. All radiographs 
were taken by a Raymax imager (Raymax Medical Corp., Ontario, 
Canada) at 25 mA, 50 kV for anterioposterior or 56 kV for lateral 
projections with Kodak Memmo Ready Pack film with a 3 s exposure 
(Eastman Kodak Co., Rochester, NY). A zero to three subjective 
grading system was then used to evaluate five different parameters 
including: degree of swelling, osteoporosis, cartilage loss, erosion, 
heterotopic ossification, and periosteal new bone formation all as de- 
scribed (29). The radiological score refers to the sum of the subjective 
scores for each of the above parameters. 

Histopathological evaluation. After death, rat paws were resected 
above the ankle joint and fixed in buffered 10% formalin. After de- 
calcification in 10% formic acid, the paws were sectioned longitudi- 
nally between digits one and two, and between three and four. These 
tissue blocks were embedded in paraffin and sectioned longitudinally 
until the tarsal, metatarsal, and phalangeal joints with adjacent bones 
and soft tissue were in view. Tissue sections 5-p,m thick were picked 
up on glass slides and stained with hematoxylin-eosin and evaluated 
for morphological changes and cellular infiltrate. 

Chemokine determination. Blood was drawn into heparin-con- 
taining tubes (50 U/ml of blood). An aliquot of 100 \x\ was removed 
and treated with 100 \l\ of 1% Triton X-100 in PBS (1.0 mM 
NaH 2 P0 4 , 8.1 mM Na 2 HP0 4 , 154 mM NaCl, pH 7.2). Chemokines 
from ankle joints were assayed by first removing the hind feet and 
distal portion of the leg. The skin was removed and the tissue sur- 
rounding the ankle joint was dissected away from the bone. This tis- 
sue was placed in a tube containing lysis buffer (20 mM imidazole- 
HCI, pH 6.8, 100 mM KC1, 1 mM MgCl 2 , 10 mM EGTA, 1.0% Triton 
X-100, 10 mM NaF, 1 mM sodium molybdate, 1 mM EDTA, 1 jxg/ml 
of leupeptin, aprotinin, and PEFA block) and frozen at -80°C. Sam- 
ples were then thawed and allowed to sit at 4°C overnight. An aliquot 
of the lysate supernatant was removed and spun in a microfuge at 
10,000 g for 5 min to remove insoluble material. The supernatant was 
assayed for presence of chemokines. The lysates were also assayed 
for presence of hemoglobin by measuring the absorbance at 450 nm 
compared with whole blood lysate using the method described previ- 
ously (30). 

Chemokines were assayed by the use of ELISA kits (R&D Sys- 
tems, Inc., Minneapolis, MN). Because of the high degree of similar- 
ity maintained in chemokines across species, kits that used polyclonal 
antibodies for the detection of either mouse or human chemokines 
could also be used to detect the rat cognate provided that a standard 
curve was obtained using known concentrations of rat chemokine. 
Thus, rat RANTES was assayed using a kit to detect human 
RANTES except that the standard curve was obtained using rat 
RANTES (PeproTech, Inc.). MlP-la and KC levels were determined 
using kits that detect mouse chemokines and, in this case, standard 
curves were prepared using rat MlP-la and rat KC (both from Pepro- 
Tech, Inc.). Optical densities were read at 450 nM using a V max kinetic 
microplate reader (Molecular Devices, Sunnyvale, CA). 

Results 

Chemokine production in AIA. Our initial question was aimed 
at determining whether there was any correlation with the in- 
flammatory and destructive elements of AIA and the appear- 
ance of various chemokines in whole blood or joint. A number 
of different cells make up the cellular infiltrate of the pannus 
in RA, but the T lymphocytes and monocytes are postulated to 
play the most important roles. Therefore, it seemed reason- 
able to examine the role of chemokines such as RANTES and 
MlP-la that would be expected to attract these cell subsets. In 
addition we asked whether KC, a chemoattractant for neutro- 
phils that have been postulated to play a role in RA (for re- 
view see reference 31) was involved in mediating the disease. 
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Figure 1. Chemokines and development of AIA. (A) The clinical score 
during the progression of AIA. Day 0 represents the time of induction. 
Each time point represents an average of five animals. The SEM is also 
given for each point. (B) Graph depicting the level of chemokines in 
whole blood as determined by ELISA. RANTES levels are repre- 
sented by squares and concentrations are given on the left y axis, 
MlP-la by circles and KC by diamonds and their concentrations are 
given on the right y axis. Each point represents the average of five ani- 
mals and the SEM is given. (C) Graph depicting the level of chemo- 
kines in the ankle joint. Graph designations are as in B. Each point rep- 
resents the average of five animals and the SEM is given. 



To determine the role of chemokines during the develop- 
ment of AIA, 35 Lewis rats were induced and a simple time 
course study was performed. In addition, as a control, three 
age-matched uninduced naive animals were included. Animals 
were induced on day 0 and five animals each were killed at 
each time point on days 2, 4, 8, 12, 18, 22, and 34. At the time 
of death, each animal was assessed for the clinical score. At 
that time blood samples were collected, x rays were taken, and 
joints were prepared. Blood and joint samples were frozen 
away at — 80°C until all samples could be analyzed at the same 
time at the end of the study. X rays for all animals were also as- 
sessed at the end of the study. As shown in Fig. 1 A 7 animals do 
not show any signs of disease until day 12. From days 12 to 20, 
there is a steep increase in clinical score which then plateaus 
after day 20. The course of AIA is monophasic given that ani- 
mals, once they become ill, maintain high clinical scores. 

The degree of bone destruction with time was also followed 
using radiographic analysis. Data from the x rays were ana- 
lyzed and scored with respect to swelling, osteoporosis, carti- 
lage loss, erosion, heterotopic ossification, and periosteal new 



bone formation. Addition of each of these individual numbers 
gives the radiological score. A study of the radiological score 
reveals that the bone destruction characteristic of AIA is just 
detectable at day 22, but the most deleterious symptoms are 
not seen until day 34 after induction (data not shown). 

As shown in Fig. 1 B, KC in whole blood rises immediately 
after induction and then gradually declines until by the end of 
the study it has decreased to preinduction levels. MIP-lot, how- 
ever, never increases and remains at very low levels in the 
blood (between 50-100 pg/ml) throughout the entire study. 
RANTES is found in normal animals in whole blood at very 
high levels (10 ng/ml) probably because of its presence in 
platelet granules. Whole blood was assayed rather than plasma 
as it was easier to maintain uniform treatment of samples and 
bypass the possibility of variable platelet activation. The 
RANTES levels rise and peak by days 8-12 and then fall. The 
rise in RANTES levels in the blood just precedes the onset of 
clinical signs of disease. 

Because induction of chemokines in the blood was ob- 
served, we were interested to determine whether there would 
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also be an increase observed in the ankle joint of the affected 
animals. As shown in Fig. 1 C, there is no detectable chemo- 
kine in the joint through day 12. Maximal levels were detected 
at days 18-22, depending on the chemokine. At this point, 
there is a rise in RANTES as well as KC levels with RANTES 
being the greater of the two. Both RANTES and KC levels re- 
turn to undetectable levels by day 34. There is also a very slight 
increase in the MIP-la levels as compared with those observed 
in whole blood. The MlP-la in the joint is between 200-250 
pg/ml. It is unlikely that these increases are due to the leaki- 
ness of the vasculature surrounding the joint, otherwise one 
would expect to observe continued high levels of RANTES in 
the joint on day 34 because blood levels remained high (Fig. 
1 B). However, to rule out this possibility, we measured the ab- 
sorbance of the joint extract at 450 nm against a standard curve 
of whole blood. Absorbance at this wavelength gives an indica- 
tion of the amount of hemoglobin present and allowed us to 
estimate the degree of contamination in the joint extract. With 
this approach we calculated that there was < 3% whole blood 
contamination of our cell extracts (data not shown). There- 
fore, at days 18-22 when RANTES is at its peak in the Joint, 
the maximum amount of RANTES present in the joint due to 
contamination can be no more than 3% of the value in whole 
blood (35 ng/ml at days 18-22) and could account for 1 ng/mL 
Since the actual measurement is 3 ng/ml, at least 2 ng/ml. must 
be produced by those cells in the joint. Since MlP-la levels are 
higher in the joint than in the circulation this must be due to 
production of MlP-la in the local environment by resident 
cells. The fact that by day 34 all chemokine levels return to 0 
suggests that RANTES, MIP-la, and KC may be downregu- 
lated in the cells making up the inflammatory response once 
the destructive process has been initiated. 

RANTES is involved in the development ofAIA. To de- 
termine whether RANTES played any role in the develop- 
ment of AIA, 30 Lewis rats were induced for disease and 
5 age-matched naive control animals remained uninduced. 
Animals were induced on day 0. On days 3, 5, and 7, 10 ani- 
mals received normal rabbit serum and ten received a poly- 
clonal antibody directed against recombinant human RANTES. 
As a positive control, five animals that were induced on day 0 
were given indomethacin (0.5 mg/kg per day in saline, i.p.) a 
nonsteroidal anti-inflammatory drug known to ameliorate the 
clinical effects of AIA through the inhibition of cyclooxygenase 
(32). These animals received indomethacin on day 0 and 
throughout the course of the study. Finally, five animals in- 
duced on day 0 were given a vehicle control (saline, i.p.) start- 
ing on day 0 and continuing through the course of the study. 
The negative control animals treated with either normal rabbit 
serum (control for the anti-RANTES-treated group) or with 
vehicle (control for the indomethacin-treated group) were nec- 
essary so that each group of animals would be handled In the 
same manner. It is well known that differential handling of the 
animals can lead to ambiguous results. All animals were as- 
sessed periodically for clinical score. On days 24 and 34, all an- 
imals were x rayed. On day 34, all of the anti-RANTES, serum 
control animals and naive animals were killed and joints were 
prepared for histopathological examination. Indomethacin 
and vehicle control animals were killed on day 42. 

Clinical scores for this study are shown in Fig. 2. Animals 
which were treated with control serum or with vehicle had 
very high cumulative clinical scores. As with the study de- 
picted in Fig. 1 A, clinical scores begin to rise on day 1*2 and 
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Figure 2. Anti-RANTES and indomethacin treatment ameliorate 
AIA. There were six animals in each study group. Study groups con- 
sisted of anti-RANTES-treated animals (black diamonds), animals 
given normal rabbit serum (black squares), animals treated with in- 
domethacin (open triangles), and finally animals treated with a vehi- 
cle control for indomethacin (open circles). Each point represents the 
average and the SEM is shown. 



peak by day 20-22. Animals which were treated with either the 
anti-RANTES antibody or with indomethacin never showed 
the high clinical scores associated with the disease. 

Because the clinical score is associated with the inflamma- 
tory response we wanted to determine what effects anti- 
RANTES treatment had on histopathology. Fig. 3 shows the 
representative histopathological changes in these animals at 
day 34. First, examination of the synovial joint of naive animals 
at low magnification reveals that the space between the bones 
is completely clear (Fig. 3 A). Animals treated with normal 
rabbit serum have lost the integrity of the joint. This space now 
shows severe leukocyte infiltration and interstitial edema (Fig. 
3 B). There is also significant bone erosion and periosteal new 
bone formation. By comparison the anti-RANTES-treated 
animals show relatively little infiltration (Fig. 3 Q. The syno- 
vial lining is discerned at higher magnification (Figs. 3, D-F). 
In naive animals (Fig. 3 D) the synovial cells form a single 
layer and are flat and quiescent. No leukocyte infiltration is 
observed. In animals treated with control serum (Fig. 3 E) the 
synovial lining cells are round to cuboidal, suggesting active 
proliferation and form a layer two to three cells deep. The un- 
derlying connective tissues show infiltration by large numbers 
of lymphocytes. Irregularly-shaped mesenchymal cells (Fig. 
3 £, arrowhead) are indicative of active differentiation. In the 
synovial tissues of anti-RANTES-treated rats (Fig. 3 F), fewer 
leukocytes are present and no active mesenchymal cells are 
seen. The synovial lining cells, however, are reactive with 
rounded somata and oval nuclei. Their cytoplasm is often pale 
and vacuolated. In some areas, these cells appear to be dissoci- 
ating from the underlying connective tissue. 

One of the hallmarks of the AIA model is that it results in 
severe destruction of the ankle joint with characteristic bone 
proliferation in soft tissue and concurrent erosion of pre-exist- 
ing bony structures. This destruction can be assayed by radio- 
graphic analysis. An example of representative joints from 
each of the study groups is shown in Fig. 4, A-H. An animal 
that received the preimmune serum (Fig. 4, B and F) clearly 
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Figure 3. Anti-R ANTES treatment reduces the severity of histopathological changes in AIA. A, B y and C show a synovial joint at a magnifica- 
tion of 5. D y E, and F show synovial tissues at a magnification of 40. A and D show naive rat joint; B and E show an arthritic joint from a rat 
treated with control serum; C and F show effects of treatment with anti-RANTES antibodies. B shows severe leukocyte infiltration (L), intersti- 
tial edema (E), periosteal new bone formation (P), and bone erosion (£?). By comparison, the anti-RANTES-treated sample (C) shows very lit- 
tle infiltration. The arrows in D, £, and F point to the synovial lining. The arrowheads point to mesenchymal cells. 



shows the destruction typically seen using this model. No sig- 
nificant destruction is seen in the naive animals (Fig. 4, A and 
E), the anti-RANTES-treated animals (Fig. 4, C and G), or in 
the indomethacin control animals (Fig. 4,D and H). 



All of the animals killed in the study were evaluated for 
bone destruction using x-ray analysis. The summary of the ra- 
diological scores are graphed in Fig. 5. At 24 d there is no sig- 
nificant statistical difference between any of the study groups 
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Figure 4. Anti-R ANTES treatment reduces the level of bone destruction in AIA. A, B, C, and D represent anterioposterior radiographs and 
F t G, and H represent lateral radiographs. A arid E are from naive animal, B and F are from serum control animal, C and C are from anti- 
RANTES treated animal, panel D and //are from an indomethacin-treated animal. Of particular note is the soft tissue swelling and heterotopic 
ossification. 
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Figure 5. Anti-RANTES and in- 
domethacin treatment reduce the 
radiographic score. Animals were 
scored on day 24 and day 34 using a 
subjective grading system described 
(29). Each graph represents the av- 
erage of 6 animals and the SEM is 
given. Differences between study 
groups were evaluated using 
Fisher's test (41). The P values 
for the serum control and anti- 
RANTES group and for the in- 
domethacin and vehicle controls are 
given. 



(Fig. 5, only anti-RANTES and serum control group are 
shown). By day 34, however, destruction has reached very high 
levels for those animals in the serum control and vehicle con- 
trol groups. Radiological scores for animals treated with anti- 
RANTES or indomethacin have significantly lower scores. 
There is no statistical difference between the anti-RANTES- 
treated group and those given indomethacin. 

These data strongly suggest that RANTES is important in 
the development of AIA and that pretreatment of the animals 
before onset of disease with an antibody directed against 
RANTES prevents the inflammation and destruction associ- 
ated as efficiently as a known nonsteroidal anti-inflammatory, 
indomethacin. 

Specific chemokine involvement in AIA, Because we had 
shown a role for RANTES in the development of AIA*, and 
because RANTES and MlP-la are ligands for the chemokine 
receptor CCR1 (24), we wanted to determine whether MIP-lcx 
was involved in the pathophysiology of the disease. To answer 
this question various animal study groups were treated with 
polyclonal antibodies directed against either RANTES or 
MlP-la. Two groups of 16 animals were injected either with 
anti-RANTES, or with anti-MIP-lot all as described in the 
previous study. In addition, 16 animals were injected with nor- 
mal rabbit serum. 3 animals out of the 16 in both the anti- 
MIP-lcx and serum control group did not develop disease and 
were not included in the study. To maintain consistency, three 
animals from the anti-RANTES group that did not develop 
disease were also excluded from the study. Clinical scores were 
determined periodically. Half of the animals from each group 
were killed on day 22 and the remaining half were killed on 
day 34. At those times they were subjected to radiography. 

Clinical scores from this study are given in Fig. 6v4. Again, 
anti-RANTES is found to ameliorate the symptoms of AIA. 
Polyclonal antibody to MlP-la had no effect on amelioration 
of disease. This is interesting given the overlapping activities of 
these two chemokines. Polyclonal antibody to KC was* also 
tested in this manner and had no effect on the course of the 
disease (data not shown). 



The fact that anti-RANTES treatment before appearance 
of clinical symptoms has an effect on disease progress is shown 
most clearly by examining the level of this chemokine in the 
ankle joint itself. As shown in Fig. 6 5, RANTES levels in the 
serum control joint are high as expected at day 22 and drop 
back down again at day 34, the end of the study. The anti- 
RANTES-treated animals, however, have much reduced lev- 
els of RANTES in the joints. These data correlate with the 
lower clinical scores (Fig. 6 B) and with a reduced radiological 
score (data not shown) observed in the anti-RANTES animals 
and is a result of the prevention of the cellular infiltrate from 
reaching the target joint in the first place. 

Discussion 

The availability of animal models of human diseases makes 
possible the identification and analysis of factors involved in 
pathogenesis. The usefulness of a model is determined by its 
relative similarity to human disease, its reproducibility and its 
predictability with respect to responsiveness to therapeutic 
agents in comparison to human disease. Two widely used ani- 
mal models of rheumatoid arthritis are collagen type II-induced 
arthritis (CIA) and AIA. 

We have used the AIA model of RA in the Lewis rat to ex- 
amine the role RANTES plays in the development of this dis- 
ease. Unfortunately, there is no animal model available that 
perfectly mimics the course and features of human rheumatoid 
arthritis. Both AIA and CIA, however, show peripheral joint 
involvement, erosion, pannus formation, and T cell depen- 
dence (for review see reference 33) similar to that observed in 
human disease. 

In this study, we determined the levels of the chemokines 
RANTES, MlP-la, and KC in AIA animals. We found very 
little change in the MlP-la levels in either whole blood or in 
the joint. The levels of KC in whole blood were elevated im- 
mediately after induction through day 4 and then were found 
to slowly decrease until they resumed preinduction levels by 
day 34. These data measure the total amount of KC in blood. 
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Figure 6. Development of AIA is chemokine specific. (A) Lewis rats were induced for AIA and injected on days 3, 5, and 7 with polyclonal an- 
tibody to RANTES (open triangles), MlP-la (black circles), KG (black squares), or normal rabbit serum (open diamonds). Each point represents 
the mean average. The SEM is also given. (B) RANTES levels in the joint of anti-RAN 1 fcS-treated animals and serum-treated animals. 



The circulating levels of KC in plasma are undetectable 
(Barnes, D.A., unpublished observation). This discrepancy 
may be due to the binding of KC to the Duffy antigen receptor 
for chemokines (DARC) which is found in abundance on the 
surface of red blood cells and binds this chemokine (34). It has 
been suggested that DARC serves as a receptor sink for a 
number of chemokines, including RANTES, and may be in- 
volved in clearing of these potent peptides (35). If this receptor 
plays a role in the modulation of RA, by clearing chemokines 
from the blood, one might expect that individuals that are 
Duffy negative would have more devastating disease. In fact, 
African Americans who are in large part Duffy negative have 
a much lower incidence of RA than the Caucasian population 
(36). This is primarily a result of the fact that African Ameri- 
cans do not generally carry the DR1 or DR4 markers. DR1 
and DR4 are variants of the HLA-D locus and are highly cor- 
related with appearance of rheumatoid factors in patients with 
RA. It would be interesting to determine whether Duffy nega- 
tive individuals that are diagnosed with RA have more severe 
disease than those that are Duffy positive. 

RANTES has an entirely different profile than KC and lev- 
els of this chemokine are not elevated until days 8-12, the time 
just before the onset of inflammation as measured by the 
clinical score. While the cellular source of this circulating 
RANTES is still unclear, the levels in circulation must be 
higher than can be removed by DARC, otherwise one would 
predict that an antibody that binds RANTES would have no 
effect since RANTES would be bound to DARC and unavail- 
able to the antibody. Furthermore, because antibody was 
given in only three injections (days 3, 5, and 7) and would be 
predicted to be cleared from the animal after 3 d, it suggests 
that the RANTES generated in the circulation during the day 
8-12 time period is critical to disease development. 

Previously, it was shown that when mice were induced for 
CIA and passively immunized with antibodies directed against 
MlP-la or MIP-2 they had significantly decreased severity of 
disease (13). Unlike Kasama et al. (13), we did not find that 



treatment with antibody to MlP-la had any ameliorating ef- 
fect on disease. However, we used a different animal model 
in this study. The CIA model has a much longer time course 
(> 60 d) than the AIA model and the rise in clinical score is 
much more gradual. In addition, anti-MIP-la treatments in 
the form of F(ab)2 fragments were provided throughout the 
study whereas in the AIA model, anti-RANTES treatment 
was limited to three injections before onset. Nevertheless, the 
actual amount of MlP-la detected at peak levels in the joints 
of afflicted CIA animals was quite low (200 pg/ml) and there 
appeared to be a very low level constitutive expression of 
MlP-lot (100 pg/ml). These data agree well with our findings in 
the AIA model in the rat. The induction of MIP-2 observed in 
the CIA model was much greater, from < 100 pg/ml in naive 
animals to 800 pg/ml in CIA induced animals. 

Our finding that antibodies to RANTES but not to MlP-la 
ameliorate disease in this RA model are interesting, particu- 
larly since both of these CC chemokines bind to similar recep- 
tors, CCR1 and CCR5 (23). How, then, can we explain our 
data? Interestingly, Cook et al. (37) have examined the in vivo 
biologic role of MlP-lot in mice in which the gene encoding the 
chemokine has been disrupted. They showed that mice ho- 
mozygous for MlP-la mutant (— /— ) were resistant to Cox- 
sackie virus-induced myocarditis but wild-type (+/+) mice 
were not. Obviously in this case MlP-la and RANTES have 
entirely separate effects. Further evidence that these two 
chemokines have distinct biological effects comes from find- 
ings by Karpus et al. (27) who have shown that antibodies 
to MlP-la ameliorate an EAE model of multiple sclerosis in 
the mouse. We have repeated these studies and not only con- 
firm their data but show that antibodies to RANTES have no 
effect in this model (Barnes, D., and J. Tse, data not shown). 
Thus, it is possible that our data can be explained by assuming 
that RANTES effects in the AIA model of RA are produced 
by action through an as yet uncloned chemokine receptor or 
through a distinct signaling pathway, that MlP-la cannot trig- 
ger, through an existing receptor. In line with these specula- 



RA N TES in A d ju vant-in duced A rth ritis 2917 



tions, it is interesting that at least one group of investigators 
(21) has reported that T cells stimulated with R ANTES and 
with MlP-la produce an increase in intracellular Ca at low nM 
concentrations. However, at higher concentrations RANTES 
but not MlP-lct produces a second Ca 2+ transient that is more 
sustained than the first and is not desensitized by pretreatment 
with MlP-la. These data show that RANTES can activate a 
novel chemokine receptor that is not sensitive to MlP-la and 
that activation of this receptor may play a role in this model 
of RA. 

There is clear evidence that RANTES and MlP-la have 
distinctly different effects on T cells and monocytes, the major 
cell types involved in RA. For example a number of reports 
have demonstrated that RANTES affects the directed migra- 
tion of CD4 + T cells and upregulates integrin expression, all 
effects that would culminate in the extravasation of T cells to 
sites of inflammation (18, 21). In contrast, it appears that MIP- 
la is mainly effective in inducing the directed migration of 
CD8 + , but not CD4 + ,T cells. In addition to these cell-specific 
effects, RANTES is also about 10 times more potent than 
MlP-la in inducing T cell migration (18). Taken together, 
these data provide a partial explanation for the effects of 
RANTES on the RA model that we have investigated here 
and may speak for a specific effect of this chemokine in the hu- 
man disease. 

It has recently been shown that a human monocyte 
chemoattractant protein-1 (MCP-1) antagonist greatly amelio- 
rated adjuvant arthritis-induced disease in a mouse MRL-lpr 
genetic background (38). MCP-1 is a chemokine with the abil- 
ity to attract monocytes (39), the precursors of macrophages. 
The MRL-lpr disease model has an earlier onset than that ob- 
served in the rat AIA model, although, as with the AIA 
model, onset is rapid and the development from no detectable 
symptoms to peak clinical score occurs within a matter of days 
(generally from day 5-10). In these experiments, an MCP-1 
peptide (amino acids 9-76) was synthesized and found to com- 
pete with MCP-1 for binding to monocytes. This antagonist, 
when given continually throughout the course of disease, re- 
sulted in decreased inflammation. However, the MCP-1 antag- 
onist was given only through day 15 (after inflammation had 
already peaked) and then withdrawn. After withdrawal the 
disease progressed until swelling reached the same level as that 
observed in the untreated animals. 

This is a very different pattern from what we observed with 
the RANTES antibody treatment. In our study anti-RANTES 
treatment ended on day 7. By day 11 one would predict that all 
of the rabbit polyclonal antibody had disappeared. Since peak 
inflammation is observed by day 18, the data suggest that 
early expression of RANTES in circulation is one of the criti- 
cal steps involved in development of AIA. RANTES may be 
involved in initiating the inflammatory response because this 
chemokine has the potential to play key roles as both a 
chemoattractant and as an immunomodulator, since it also 
serves to activate and expand clonal T cell populations. It 
should also be noted that studies by Plater-Zyberk et al. (40) 
using an altered form of RANTES, met-RANTES, which acts 
as a CCR1 antagonist were also able to show efficacy in an an- 
imal model of RA. In their studies, delivery of the antagonist 
i.p. three times per week through day 21 resulted in the delay 
of onset and amelioration of CIA in DBAV1 mice. These data 
constitute additional proof for the role of RANTES in the de- 
velopment of disease. 



If RANTES directs the initial response, what roles do 
other chemokines play in the development of AIA? It may be 
that the chemokines MlP-la and MCP-1 are expressed later in 
the course of disease and are involved in the destructive pro- 
cess of arthritis by their actions on the appropriate cell types 
once the initial inflammatory signal has been given. 

We show here that RANTES is expressed in whole blood 
and in the joint of AIA animals and that antibody to RANTES 
can prevent development of disease. Thus, these data strongly 
support the concept that RANTES plays a pivotal role in the 
pathogenesis of RA. These potent proinflammatory effects 
and chemoattraction for T lymphocytes and monocytes makes 
RANTES an attractive candidate for therapeutic intervention. 
Furthermore, since RANTES binds to and mediates its bio- 
logic effects through the CCR1 receptor, this makes this recep- 
tor an important target for intervention therapy in RA and 
provides evidence in support of the notion that CCR1 antago- 
nists will be useful therapeutics in the treatment of RA. Other 
useful therapeutic approaches could, for example, take the 
form of inhibitors of the cellular expression of RANTES. Fi- 
nally, an anti-RANTES treatment regimen has the potential to 
serve not only as an anti-inflammatory agent, but also as a dis- 
ease modifying antirheumatic drug. 
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Abstract 

T cells infiltrating inflammatory sites are usually of the .acti- 
vated/memory type. The precise mechanism for the 'posi- 
tioning of these cells within tissues is unclear. Adhesion mole- 
cules certainly play a role; however, the intricate contfpl of 
cell migration appears to be mediated by numerous chemo- 
kines and their receptors. Particularly important chemo- 
kines for activated/memory T cells are the CXCR3 ligands 
IP-10 and Mig and the CCR5 ligands R ANTES, mac- 
rophage inflammatory protein- lot, and macrophage inflam- 
matory protein- 1 p. We raised anti-CXCR3 mAbs and were 
able to detect high levels of CXCR3 expression on activated 
T cells. Surprisingly, a proportion of circulating blood T 
cells, B cells, and natural killer cells also expressed CXCR3. 
CCR5 showed a similar expression pattern as CXCR3 V but 
was expressed on fewer circulating T cells. Blood T cells ex- 
pressing CXCR3 (and CCR5) were mostly CD45ROt," and 
generally expressed high levels of pi integrins. This pheno- 
type resembled that of T cells infiltrating inflammatory le- 
sions. Immunostaining of T cells in rheumatoid arthritis 
synovial fluid confirmed that virtually all such T cells ex- 
pressed CXCR3 and ~ 80% expressed CCR5, representing 
high enrichment over levels of CXCR3 + and CCR5 + T cells 
in blood, 35 and 15%, respectively. Analysis by imiriuno- 
histochemistry of various inflamed tissues gave comparable 
findings in that virtually all T cells within the lesions expressed 
CXCR3, particularly in perivascular regions, whereas far 
fewer T cells within normal lymph nodes expressed CXCR3 
or CCR5. These results demonstrate that the chemokine re- 
ceptor CXCR3 and CCR5 are markers for T cells associated 
with certain inflammatory reactions, particularly TH-.l type 
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reactions. Moreover, CXCR3 and CCR5 appear to identify 
subsets of T cells in blood with a predilection for homing to 
these sites. (/. Clin, Invest. 1998. 101:746-754.) Key words: 
chemokines • inflammation • cell -migration • antibodies 
-monoclonal • lymphocytes 

Introduction 

Leukocyte migration is essential for immune surveillance of 
the body's tissues, and for focusing immune cells to sites of 
antigenic challenge. The control of leukocyte migration de- 
pends on the combined actions of various adhesion molecules, 
as well as a vast array of chemotactic cytokines (chemokines) 
and their receptors. The role of adhesion molecules in leuko- 
cyte migration is well appreciated (1, 2), whereas that of dif- 
ferent chemokines and their receptors is less certain. The 
chemokine receptors comprise two groups, the CC receptors 1-8 
(CCR1-8) 1 that bind CC chemokines, and the CXC receptors 
1^ (CXCRl^), which bind CXC chemokines (3-5). In gen- 
eral, the CC chemokines and their receptors effect the migra- 
tion of monocytes, eosinophils, basophils, and T cells (6-8), 
whereas CXCR1 and CXCR2, which are the two IL-8 recep- 
tors, effect the migration of neutrophils (3). 

The notion that CXC chemokines are generally poor che- 
moattractants for T cells has been challenged recently. Thus 
the CXC chemokine SDF-1 is a potent chemoattractant for 
blood T cells (9), and binds to CXCR4 (10, 11), a broadly ex- 
pressed chemokine receptor (12). The CXC chemokines IP-10 
and Mig, both inducible by interferon^ during inflammation, 
also are effective T cell chemoattractants (13-15). IP-10 and 
Mig attract activated T cells, but not resting T cells. These two 
chemokines induce an increase in intracellular calcium by cells 
transfected with the cDNA for the chemokine receptor 
CXCR3, indicating that this is the likely IP-10/Mig receptor on 
T cells (14). By Northern blot analysis, CXCR3 is highly re- 
stricted to activated T cells and natural killer (NK) cells, and 
not to other leukocytes (14). Therefore IP-10 or Mig signaling 
appears to be an important mechanism for selective homing of 
activated/effector cells, which are known to accumulate prefer- 
entially at inflammatory sites (16), as well as in many tumors. 
IP-10 is expressed abundantly in various inflammatory lesions, 



1. Abbreviations used in this paper: CCR, CC chemokine receptor; 
CXCR, CXC chemokine receptor; MCP, monocyte chemotactic pro- 
tein; MIP, macrophage inflammatory protein; NK, natural killer; 
[Ca2 + ]i, intracellular calcium concentration. 
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particularly those characterized by T cell infiltration, such as 
delayed type hypersensitivity responses in skin (17), inlEAE 
(18), and in transplants undergoing rejection (19). 

Another chemokine receptor expressed by T cells is CCR5, 
the receptor for RANTES, macrophage inflammatory protein- 
la (MIP-la), and MIP-10. CCR5 is expressed on activated 
and memory (CD45RO+) T cells (12, 20), which correlates 
with the finding that memory and activated T cells, but not na- 
ive T cells, respond to RANTES, MIP-la, and MIP-ip in 
chemotaxis assays (21, 22). In addition, RANTES, MIP-la, 
and MIP-ip are expressed in many inflammatory lesions (23). 
The assumption has been that different chemoJcines will attract 
particular types of leukocytes based on the figand specificity 
and expression patterns of the relevant receptors. For instance, 
CCR5 and CXCR4 are expressed on T cells in a largely recip- 
rocal fashion (12), and probably facilitate the positioning of 
two types of T cells in different tissues. 

We now report on the distribution of CXCR3 and CCR5, 
particularly their association with inflammation. A striking 
finding was the high proportion of CXCR3 + and CCR5 + T cells 
in certain inflammatory lesions, compared with relatively low 
levels of CXCR3 + and CCR5+ T cells in blood or lymph node. 
In the blood, CXCR3, as well as CCR5, was expressed dh a 
subset of circulating CD45RO+ and pi integrin hi T cells, a phe- 
notype consistent with previous activation. Moreover, the 
CCR5 + subset was contained entirely within the CXCR3 + sub- 
set. We conclude that these two chemokine receptors mark the 
majority of T cells within inflamed tissues, as well as peripheral 
blood T cells with a predilection for homing to these sites. 

Methods 

Cells, cell lines, and tissue culture. Normal human blood leukocytes 
were isolated as described (24). To generate CD3 blasts, 2 x 106 
PBMC/ml in RPMI 1640 plus 10% FCS were added to tissue culture 
plates first coated with the anti-CD3 antibody TR66. After 4-6 d, 
blasts were removed to fresh media and supplemented with IL-2 
(kindly provided by Antonio Lanzavecchia, Basel Institute for Immu- 
nology, Basel, Switzerland) at 50 U/ml. Other cell lines used included 
transfectants of the LI .2 murine pre B cell lymphoma, expressing 
high levels of either CXCR3 (this report), CXCR1 (25), CXCR2 (25), 
CCR2b, CCR4, CCR5 (26), or CCR1 (27). CXCR3 cDNA was ob- 
tained by PCR using a 5'-oligonucleotide primer and 3'-oligonucleo- 
tide primer which contained flanking Xhol and Xbal sites respec- 
tively. The PCR fragment was subcloned into the Xhol-Xbal sites of 
pCDNA3 (Invitrogen Corp., San Diego, CA), and. the inserted gene 
was driven by a CM V promoter. Stable transfection of the DN A into 
a murine pre B lymphoma cell line (Ll.2) was obtained as described 
(24). The cell surface expression of CXCR3 was monitored by figand 
binding and Scatchard analysis. Transfectants were maintained ia RPMI 
1640 supplemented with 10% bovine serum and 800>tg/ml G418. < 

mAb production and flow cytometry. mAbs reactive with CXCR3 
were generated by immunizing BALB/C mice with 10 ^g of a 37-riier 
synthetic peptide corresponding to the first 37 NH 2 -terminal amino 
acids of CXCR3 (14), five times over a period of 10 wk. This peptide 
was synthesized and coupled to purified protein derivative of tuber- 
culin by the manufacturer (Severn Biotech Ltd., Kidderminster, 
United Kingdom). The first immunization was intraperitoneal with 
CFA, the second, third, and fourth were intraperitoneal with IFA, 
and the final immunization was intravenous with protein alone. 4 d 
after the last immunization, the spleen was taken and cell fusion per- 
formed using the cell line SP2ZO, as described (28). Specific mAbs re- 
active with CXCR3 were identified using untransfected and CXCR3 
transfected Ll.2 cells, and immunofluorescent staining and analysis 



using a FACScan® (Becton Dickinson, Mountain View, CA). The main 
mAb used in this study termed 1C6, is of isotype IgGl. Anti-CXCR3 
mAbs were also generated by immunizing mice with CXCR3/L1-2 
transfectant, in a similar manner to that described for anti-CCR3 and 
anti-CCR5 (20, 29). 

mAbs to CCR5 have been described (20). PE-conjugated mAbs 
to CD4, CD8, CD14, CD19, CD25, CD26, CD29, CD69, CD45RO, 
CD45RA, and CD95 were supplied by PharMingen (San Diego, CA). 
To assess reactivity of mAbs against transfected cells or leukocytes, 
indirect immunofluorescence and flow cytometry were used. Cells 
were washed once with PBS, and resuspended in 100 jil PBS contain- 
ing 2% human serum and 0.1% sodium azide (staining buffer), 5 u,g/ 
ml purified antibody, 5 fig/ml isotype matched control mAb (Sigma 
Chemical Co., St. Louis, MO) or 50 uj hybridoma culture superna- 
tant. After 20 min at 4°C, cells were washed twice with staining 
buffer, and resuspended in 50 ul FITC-conjugated affinity purified 
F(ab')2 goat anti-mouse IgG (Jackson ImmunoResearch Labs., Inc., 
West Grove, PA). After 20 min, cells were washed twice in staining 
buffer and analyzed on the FACScan® to determine the level of sur- 
face expression. Propidium iodide was used to exclude dead cells. For 
multicolor analysis, PE- or FITC-conjugated mAbs were used to- 
gether with biotinylated anti-CXCR3 mAb 1C6 to stain cells. After 
washing, the cells were incubated with Streptavidin-Red 670 (GIBCO 
BRL, Gaithersburg, MD). The results were analyzed by FACScan® 
using electronic gating and compensation, 

Chemokines, chemotaxis assays, and ligand-binding assay. Recom- 
binant human chemokines were obtained from PeproTech, Inc. 
(Rocky Hill, NJ). Chemotaxis of CD3 blasts was assessed using a mod- 
ification of a transendothelial assay (7), using the cell line ECV304 as 
described (24). Cells that had migrated to the bottom chamber were 
placed in a tube, and relative cell counts were obtained using the 
FACScan®. 

125 I-labeled chemokines were obtained from DuPont-NEN (Bos- 
ton, MA). The functional activity of radiolabeled IP-10 was tested in 
chemotaxis assays and was found to have 80% activity of unlabeled 
IP-10 (data not shown). Chemokine binding to target cells was car- 
ried out as described previously (24). Briefly, cells were resuspended 
in binding buffer (50 mM Hepes, 1 mM CaCl 2 , 5 mM MgCl 2 , 0.5% 
BSA) and incubated with radiolabeled ligand in the presence or ab- 
sence of inhibitors. After 60 min at 37°C, cells were washed three 
times in binding buffer supplemented with 0.5 N NaCI and pellets 
were counted. All experiments were repeated at least three times. 
Curve fit and concentrations that inhibit 50% specific binding (IC50) 
were calculated by KaleidaGraph software (Synergy Software, Inc., 
Reading, PA). Scatchard Plot analysis was carried out using Mi- 
crosoft Excel. 

Tissues and immunohistochemistry. Human tissues (normal and 
inflamed colon and vagina) were obtained from the National Disease 
Research Institute, a service organization funded by the National In- 
stitutes of Health. Synovial fluid was obtained from patients with 
rheumatoid arthritis. 

lmmunohistochemical analysis for CXCR3 was performed on fro- 
zen tissue samples. Briefly, tissue was sectioned at a thickness of 4 ujn, 
desiccated, and then fixed in 2% paraformaldehyde/0.5 X PBS for 10 
min at 4°C After PBS washing, nonspecific antibody binding sites 
were blocked with 10% normal goat serum/5% human AB serum/ 
PBS for 30 min at room temperature. Next, the purified CXCR3 mono- 
clonal antibody 1C6 was diluted to a concentration of 1 u,g/ml in 0.3% 
Triton X-100/0.2% Tween 20/1% FCS/5% human AB serum/0.1% 
sodium azide and applied to tissue sections overnight at 4°C. An iso- 
type-matched irrelevant monoclonal antibody was used as a negative 
control on step sections of tissues (IgGl, MOPC21; Sigma Chemical 
Co.). Subsequently, biotinylated goat anti-mouse IgG (Vector Labo- 
ratories, Inc., Burlingame, CA) and avidin-biotin-alkaline phos- 
phatase complexes (BioGenex Labs, San Ramon, CA) were added in 
sequence. Fast Red (BioGenex Labs), containing 2% levamisol to 
block endogenous alkaline phosphatase activity, was used as the 
chromogen and Mayers hematoxylin as the counterstain. 
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Results 

* 

CXCR3 is expressed by lymphocytes but not by other leukocyte 
types. mAbs have proven to be powerful tools for assessing 
the biology of various chemokine receptors (6, 25, 29), particu- 
larly CCR5 (12, 20). To study the functions of one of the im- 
portant T cell chemokine receptors, CXCR3 t specific mAbs 
were generated by immunizing mice either with synthetic pep- 
tides or with CXCR3 transfected cells (see Methods). These 
mAbs reacted specifically with CXCR3, as judged by FACS? 
staining of CXCR3 transfected LI .2 cells, and not wild-type 
LI .2 cells or LI .2 cells transfected with numerous other recep- 
tors. (Fig. 1 A). In peripheral blood, anti-CXCR3 mAbs were 
unreactive on neutrophils, monocytes, and eosinophils (not 
shown), as expected from previous analyses of CXCR3 expres- 
sion by Northern blot, as well as functional responsiveness of 
cells to IP-10 (14). However the phenotypic analysis did Reveal 
the expression of CXCR3 on a proportion of circulating lym- 
phocytes (Fig. 1 B, day 0), observed in all (> 20) normal! indi- 
viduals examined. A feature of CXCR3, determined from pre- 
vious studies on mRNA expression, is its* expression on 
activated T cells (14). Staining of T cells activated by antl-CD3 
confirmed that CXCR3 was expressed at high levels orkthese 
cells, but only after 5-8 d of activation, and in.fact CXCR3 ex- 
pression was downregulated immediately after activation (Fig. 
1 Bj day 3). This pattern of expression and regulation w^S sim- 
ilar to that observed for CCR5 (Fig. 1 B). Both CCR5 and 
CXCR3 were upregulated on long-term-activated IL-2-HStimu- 
lated cells, and usually required 2-3 wk for peak expression 
(Fig. 1 B, day 21). f 

CXCR3 expression is skewed to previously activatedfrnem- 
ory lymphocytes, but shows a broader pattern of expression 
than CCR5. A two color immunofluorescence analysis Of pe- 
ripheral blood lymphocytes showed that it was mostly CD3 + 
cells that expressed CXCR3, although a small proportion of 
B cells (CD19 + ) and NK cells (CD56+) also expressed this 
receptor (Fig. 2 A), A three color analysis of T cells; per- 
formed using anti-CD3-FTTC to label T cells, showed that a 



subset of both CD4 + cells and CD8 + cells expressed CXCR3. 
An analysis using markers of acute activation, such as CD25 
and CD69, revealed that acutely activated T cells generally ex- 
pressed this receptor, in contrast to CCR5 which is absent 
from such cells (12). CXCR3+ T cells were CD95+, CD45RO + , 
and CD45RA low , a phenotype consistent with previous activa- 
tion. We next compared the expression of CXCR3 with that 
of CCR5, since in peripheral blood, CCR5 is also expressed 
predominantly on previously activated T cells (20). In all in- 
stances, CCR5 + cells were contained entirely within the 
CXCR3 + subset, with CXCR3 being always expressed on 
more cells than CCR5 (Fig. 2 B). The subset of B cells express- 
ing CXCR3 was assessed by gating on CD19+ lymphocytes. In 
general, CXCR3 + B cells expressed higher levels of pi integ- 
rins, however there was no strong correlation with IgD or 
CDlla expression (Fig. 2 C). 

Activated T cell binding of IP-JO and chemotaxis is blocked 
by anti-CXCR3 mAb. In a previous study, IP-10 and Mig were 
found to signal through the chemokine receptor CXCR3 (14). 
To confirm that these two chemokines did in fact bind to 
CXCR3, and to gather information on the binding affinity and 
expression of CXCR3, studies were performed using radiola- 
beled IP-10. Fig. 3 A shows that 125 I-labeled IP-10 bound to 
anti-CD3-activated, IL-2-stimulated T cells, and this binding 
could be inhibited with increasing concentrations of unlabeled 
IP-10. Scatchard analysis revealed a Kd of 69 pM, and 11,000 
receptors per cell (Fig. 3 A, insert). l25 I-labeled IP-10 binding 
to activated T cells could also be totally inhibited by unlabeled 
Mig, with a Kj of 90 pM (Fig. 3 A). To verify IP-10 indeed 
binds CXCR3, we carried out ligand binding assays using re- 
ceptor transfectants. Only the CXCR3 transfected, but not pa- 
rental LI .2 cells or other chemokine receptor transfected cells 
demonstrated significant binding activity to 125 I-labeled IP-10, 
with a similar affinity to that observed on activated T cells 
(data not shown). Another evidence to support IP-10 binding 
specifically to CXCR3 was obtained by blocking IP-10 binding 
with anti-CXCR3 mAbs. The ability of mAb 1C6 to inhibit 
125 I-labeled IP-10 binding to activated T cells is shown in Fig. 3B. 



A L1 .2 Transfectants 



B T cells 




L1JM 



mAb 1C6 




DAY0 



DAY 3 



Figure 1. Identification of a 
CXCR3-specific mAb, expression of 
CXGR3 on activated T cells, and 
comparison with expression of 
CCR5. (A) mAb 1C6 staining of 
various LI .2 transfectants. Stable 
LI .2 transfectants expressing either 
CCR1, CCR2b, CCR3, CCR4, 
CCR5, CXCR1, CXCR2, CXCR3, 
and CXCR4 were stained with the 
anti-CXCR3 mAb 1C6. Negative 
control staining for all the LI .2 
transfectants (not shown) resembled 
the staining shown for 1C6 on wt 
LI .2 celts. (B) Expression of 
CXCR3 and CCR5 on resting and 
activated T cells. Leukocyte subsets 
were identified in whole blood, by 
their forward angle and side scatter, 
and were gated accordingly. To gen- 
erate CD3 blasts, PBMC were activated with anti-CD3 mAb,.and were then maintained in media containing IL-2 for the indicated time periods. 
In each plot, the fainter profile represents staining with the anti-CXCR3 mAb 1C6, and the sharper profile staining with an isotype matched con- 
trol mAb. 
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Figure 2. CXCR3 expression on various populations of blood lymphocytes. (A) Two color staining protocol was used to assess for expression of 
CXCR3 (horizontal axis) on T cells (CD3 + ), B cells (CDJ9 + ), and NK cells (CD56+) as displayed on the vertical axis. (B) CXCR3 expression 
{horizontal axis) versus various markers (vertical axis), on the CD3 + subset of blood lymphocytes, analyzed by three color immunofluorescence. 
Anti-CD3 FITC was used to stain T cells, and these cells were gated electronically for analysis. (C) CXCR3 expression on B cells (CDJ9 + ). 
Quadrants were set according to the staining of control mAbs. The staining shown was representative of five donors analyzed. 
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Figure 3. mAb 1C6 inhibition of IP- 
10 binding and chemotaxis. (A) 
High affinity binding of radiola- 
beled IP-10 to activated T cells. Hu- 
man T cells were activated by anti- 
CD3 and IL-2 (CD3 blast cells) as 
described in Methods. The cells 
were incubated with 0.05 nM 
125 -I labeled IP-10 in the presence of 
increasing concentrations of unla- 
beled IP-10 (diamonds) or Mig 
(circles). From the competitive 
binding curve, Scatchard plot was 
calculated (inset) which gave 11,000 
receptors per cell when either unla- 
beled IP-10 or Mig was used. The 
/CdS are 69 pM for IP-10 (diamonds), 
and 90 pM for Mig (circles). (B) 
mAb 1C6 inhibits 125 I-IP-10 bind- 
ing to activated T cells. CD3 blasts 
were incubated with 0.05 nM 
I25 I-IP-10 in the presence of increas- 
ing concentrations of 1C6 as indi- 
cated. After 60 min at room temper- 
ature, cell pellets were washed and 
counted. The percentage of binding 
was calculated using the cpm of cells 
in the absence of mAb as 100%. The 
mAb 1C6 inhibited 50% of total 
binding at 160 ng/ml (IC50 = 160 
ng/ml). (C) IP-10 mediated chemo- 
taxis of activated T cells. Human CD3 blast cells were used in transendothelial chemotaxis assay towards increasing concentrations of IP-10. Af- 
ter 1.5 h, migrated cells were counted by flow cytometry. The number of cells in the absence of IP-10 was 57. The error bars represent SD of du- 
plicate samples. (D) Inhibition of IP-10 mediated chemotaxis by. anti-CXCR3 mAb. Human CD3 blast cell chemotaxis to 12.5 nM IP-10 was 
carried out in the presence of increasing concentrations of purified anti-CXCR3 mAb 1C6. The percentage of total chemotaxis was calculated 
using the number of cells migrated in the absence of mAb as 100%. 
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In this study, 5 u.g/ml of 1C6 was sufficient to achieve a total in- 
hibition of binding, and an IC50 was calculated to be 160 frg/ml. 

The high level expression of CXCR3 on activated T cells 
correlated with functional activities mediated by IP-10. In a 
transendothelial chemotaxis assay, activated T cells migrated 
to IP-10 in a dose-dependent fashion (Fig. 3 Q. The number 
of migrated cells was similar to that induced by other CC 
chemokines known to induce T cell migration such as mono- 
cyte chemotactic protein-1 (MCP-1) or MlPrip, liganils for 
CCR2 and CCR5 respectively. IP-10-mediated chemotaxis 
was entirely due to its interaction with CXCR3, since it was 
completely inhibited by 10 u-g/ml of mAb 1C6. (Fig. 3 D), The 
potency of this mAb to block chemokines was similar to that 
of other anti-chemokine receptor blocking mAbs (29). \ 

Predominance of CXCR3+ and CCR5+ lymphocytes at in- 
flammatory sites. Rheumatoid synovial fluid is a useful source 
of inflammatory cells for examining features pf leukocyte re- 
cruitment and function. T cells from RA synovial fluid, a$ well 
as from other inflammatory sites, have a characteristic pjbeno- 
type: CD45RO + , and high levels of adhesion molecules, sych as 
pi integrins. This is similar to the phenotype of most CXCR3 + 
T cells in the blood. Lymphocytes from rheumatoid synovial 
fluid were assessed for CXCR3 and CCR5 expression, as well 
as a variety of other markers such as CD45RO. Fig. 4 A shows 
that synovial fluid T cells from an individual' with RA. were 
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97% CXCR3 + , and 80% CCR5 + , whereas blood T cells from 
the same individual, obtained at the same time, were only 35% 
CXCR3 + , and 15% CCR5 + (Fig. 4 B). Similar results were ob- 
tained from three individual RA patients. 

Microscopic examination of synovial biopsies from ten RA 
patients revealed multifocal, perivascular, variably sized accu- 
mulations of lymphocytes, lesser numbers of macrophages, 
and scattered neutrophils. Immunohistochemical analysis of 
the tissues revealed that in all biopsies, > 80% of perivascular 
lymphocytes were intensely immunoreactive for CXCR3 (Fig. 
5 A). Lymphocytes distant from blood vessels were less in- 
tensely immunoreactive or unstained. 

To determine if CXCR3 + lymphocytes were a prominent 
component of other inflammatory tissues, we performed im- 
munohistochemical analyses of samples of chronically in- 
flamed vaginal mucosa (n = 4) and colonic mucosa (n = 10). 
The vaginal samples consisted of intact squamous epithelium 
covering a submucosa that contained multifocal perivascular 
aggregates of lymphocytes, fewer macrophages and neutro- 
phils, with lymphocytes scattered throughout the submucosa 
and vaginal epithelium. Immunohistochemical analysis of the 
tissue revealed that > 80% of perivascular lymphocytes 
(Fig. 5 B) and essentially 100% of the intraepithelial lympho- 
cytes (not shown) were intensely immunoreactive for CXCR3. 
The colonic biopsy obtained from patients with ulcerative coli- 
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Figure 4. Expression of CXCR3 and CCR5 on synovial fluid T cells 
(A) and blood T cells (£) from rheumatoid arthritis patients. Synovial 
fluid lymphocytes and blood lymphocytes were stained for CXCR3, 
CCR5, and various other markers as described in Methods. Shown in 
the figure are CXCR3 staining versus CD3; and CXCR3 versus 
CCR5 gated on CD3 + cells. Quadrants were set based on control 
mAb staining. The staining shown was representative of three indi- 
viduals analyzed. 



tis, was characterized by focal ulceration of the colonic epithe- 
lium, and expansion of the lamina propria by large numbers of 
lymphocytes, fewer macrophages and neutrophils. Within the 
lamina propria infiltrate, > 70% of lymphocytes were immu- 
noreactive for CXCR3, particularly below the area of epithe- 
lial ulceration. . The actual proportion of cells expressing 
CXCR3 may be higher than this, since immunohistoche.mistry 
is not sensitive enough to detect low level reqeptor expression 
on the cell surface. 

In contrast to inflamed tissues, a much lower percentage of 
T cells in normal lymph node expressed CXCR3 (Fig/ 5 D). 
Approximately 20-30% of lymphocytes in the paracortex and 
medullary rays were immunoreactive for CXCR3, but only 
rare cells within cortical follicles were immunoreactive, Scat- 
tered CXCR3 immunoreactive lymphocytes were also identi- 
fied within the subcapsular and medullary sinusoids. Other cell 
types such as smooth muscle, endothelium, and fibroblasts 
were uniformly nonimmunoreactive. CGR5 immunoreactive 
lymphocytes were fewer in number but similarly distributed. 
In contrast to CXCR3, CCR5 was expressed on medullary 
macrophages, as reported previously (20), endothelium and 



vascular smooth muscle (Rottman, J.B., unpublished observa- 
tions). 

Discussion 

Lymphocytes migrate through the body in a nonrandom fash- 
ion (2, 16). One of the best examples of this is the selective mi- 
gration of activated/memory T cells to certain tissues and in- 
flammatory lesions (30, 31). Activated and memory T cells 
express higher levels of some adhesion molecules that facili- 
tate their binding to inflamed endothelium. Nevertheless, in 
many cases, the expression of adhesion molecules, per se, fails 
to explain the selectivity of a leukocyte for a particular tissue 
or microenvironment. The chemokines and their receptors 
represent another layer where selectivity can operate, possibly 
in combination with adhesion mechanisms. Some chemokine 
receptors are expressed on leukocytes in a highly restricted 
manner, notably CCR3, the eotaxin receptor, on eosinophils, 
basophils, TH2 cells (29, 32, 33), and the 11^8 receptors on 
neutrophils (6, 34). Just how important the chemokine system 
is for the selective localization of leukocyte subsets is uncer- 
tain, although inhibition of chemokines has profound effects 
on certain inflammatory reactions (23). 

Given that chemokine receptors play a fundamental role 
for leukocyte migration, attention has focused on identifying 
relevant receptors on T cells. Until now, analyses of the precise 
role of various chemokine receptors on T cells has been diffi- 
cult, since specific reagents have not been available. In this 
study, we identified, at the protein level, one of the important 
chemokine receptors for T cells, CXCR3. In earlier studies, 
Northern blot analysis indicated that CXCR3 was restricted to 
activated T cells (14). Staining of blood leukocytes with mAbs 
to CXCR3 revealed, however, that CXCR3 is much more widely 
expressed, for example on blood T cells, and a small propor- 
tion of B cells and NK cells. It is possible that the CXCR3 pro- 
tein was produced during previous activation and remains dis- 
played on, but no longer actively synthesized by peripheral 
blood lymphocytes. T cells activated in vitro express particu- 
larly high levels of CXCR3, which fits with our findings that 
IP-10 is one of the most potent chemoattractants for these 
cells, together with MCP-1 and the CCR5 ligands R ANTES, 
MlP-la, and MIP-lp. In fact, expression and regulation of 
CXCR3 were similar to that of CCR5, since both were found 
to be expressed by activated/memory T cells, and both showed 
the same pattern of downregulation and upregulation after T 
cell activation and IL-2 stimulation. 

CXCR3 and CCR5 appear to mark subsets of lymphocytes 
with a capacity for migration to inflammatory sites. Identifying 
the nature of this lymphocyte subset is important for under- 
standing the cellular and molecular mechanisms of inflamma- 
tion, and for designing strategies for immunosuppression. 
CXCR3 + and CCR5 + T cells in blood are generally pi integ- 
rin hi , CD45RO + , CD45RA ,ow , a phenotype consistent with 
previous activation. The T cells that infiltrate the inflamed syn- 
ovium are also pi integrin hi , CD45RO + , CD45RA low (30, 35), 
and also CXCR3 + and mostly CCR5 + (this study). We still 
need to determine whether the actions of IP-10 or Mig, result- 
ing in the recruitment of CXCR3+ lymphocytes, is the reason 
for the distinctive phenotype of migrating cells, or whether an- 
other chemokine such as a CCR5 ligand is responsible. An al- 
ternative explanation for the high expression of CXCR3 or 
CCR5 on inflammatory cells is upregulation by inflammatory 
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cytokines, after extravasation. However, perivascular expres- 
sion of CXCR3 (Fig. 5) and CCR5 (not shown) at the sites of 
inflammation and our finding that upregulation of CXCR3 
and CCR5 in vitro takes many days would argue against these 
receptors being upregulated at the site of inflammation. 

Blocking interaction of chemokines and their receptors 
should be useful therapeutically in autoimmune diseases or 
transplant rejection, in which particular receptors and their 
ligands may be responsible for the recruitment of cells. We 
have generated mAbs that effectively block CCR3 (29), CXCR1 
(25), CXCR2 (25), and CCR5 (36). There is as yet no clarity on 
how chemokines bind to their 7-transmembrane receptors, al- 
though RANTES, MlP-la, and MIP-ip have been found to 
bind to CCR5 through the second extracellular loop, and this 
can be blocked totally with a mAb specific for this loop (36). 
The anti-CXCR3 mAb 1C6 was able to inhibit completely the 
binding and chemotactic activity of IP-10 on activated T cells. 
mAb 1C6 is directed to the first 37 residuals" of the NH2 Termi- 
nus, and so this region is of particular importance for- Ugand 
binding. Reactivity of 1C6 with shorter synthetic peptides nar- 
rowed the epitope to the first 15 amino acids (Qin, S., unpub- 
lished observations). The NH 2 -terminal regions of CXCR1 
and CXCR2 are also critical for IL-8 binding (25, 37), and the 
NH 2 * tenruna J region of CCR2b is sufficient in itself tp bind 
MCP-1(38). 

In conclusion, we have established that * CXCR3 Cis ex- 
pressed abundantly on human T cells, and particularly on. those 
T cells associated with activation and inflammation, and the 
expression of CXCR3 closely resembled that of CCR5. We an- 
ticipate that an understanding of the role of these two -recep- 
tors in inflammatory diseases, particularly those with a strong 
T cell involvement should help in the design pf therapies to in- 
hibit leukocyte recruitment and suppress adverse inflamma- 
tory reactions. 
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Eotaxin is a newly discovered C-C chemokine which preferentially attracts and activates 
eosinophil leukocytes by acting specifically on its receptor CCR3. The airway inflammation 
characteristic of asthma is believed to be, at least in part, the result of eosinophil-dependent 
tissue injury. This study was designed to determine whether there is increased expression of 
eotaxin and CCR3 in the bronchial mucosa of asthmatics and whether this is associated with 
disease severity. The major sources of eotaxin and CCR3 mRNA were determined by co- 
localization experiments. Bronchial mucosal biopsy samples were obtained from atopic 
asthmatics and normal non-atopic controls. Eotaxin and CCR3 mRNA were identified in tis- 
sue sections by in situ hybridization (ISH) using radiolabeled riboprobes and their protein 
product visualized by immunohistochemistry (IHC). Co-localization experiments were per- 
formed by double ISH/IHC. Eotaxin and CCR3 (mRNA and protein) were significantly 
elevated in atopic asthmatics compared with normal controls. In the asthmatics there was a 
highly significant inverse correlation between eotaxin mRNA* cells and the histamine pro- 
vocative concentration causing a 20% fall in FEV, (PC 20 ). Cytokeratin-positive epithelial cells 
and CD31* endothelial cells were the major source of eotaxin mRNA whereas CCR3 co- 
localized predominantly to eosinophils. These data are consistent with the hypothesis that 
damage to the bronchial mucosa in asthma involves secretion of eotaxin by epithelial and 
endothelial cells resulting in eosinophil infiltration mediated via CCR3. Since selective 
(eotaxin) and non-selective C-C chemokines such as RANTES, MCP-3 and MCP-4 all stimu- 
late eosinophils via CCR3, this receptor is potentially a prime therapeutic target in the spect- 
rum of diseases involving eosinophil-medtated tissue damage. 
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1 Introduction 



the microcirculation of the airways is initiated by locally 
generated soluble chemical signals, i.e. "chemoattrac- 
tants". The selective recruitment of eosinophils in allergic 
reactions suggests that endogenous chemoattractants 
specific for this leucocyte type are important in vivo. 



There is substantial evidence that injurious agents 
released from infiltrating eosinophil leukocytes make an 
important contribution to the airway inflammation char- 
acteristic of asthma [1 -3]. Eosinophil recruitment from 



[I 1 7493] 



Recently, a potent eosinophil chemoattractant protein 
has been purified and sequenced from bronchoalveolar 
fluid of allergen-challenged, sensitized guinea pigs [4, 5]. 
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This protein, a C-C chemokine named "eotaxin", was 
shown to be highly selective for eosinophils [5]. The high 
potency of guinea pig eotaxin on human eosinophils [5] 
provided evidence for the existence of a human eotaxin 
homologue and a human eotaxin receptor. Primers 
based on the guinea pig protein sequence were used to 
obtain the cDNA of guinea pig eotaxin [6, 7], mouse 
eotaxin [7, 8] and human eotaxin [9-11]. The three 
known eotaxins are all highly potent and selective eosin- 
ophil chemoattractants. The gene for human eotaxin 
maps to chromosome 1 7 and the peptide is expressed 
constitutively in several organs and tissues. Subse- 
quently, an eotaxin receptor designated CCR3 has been 
identified [11-13]. This G protein-coupled, 7- 
transmembrane-domain receptor is present in high num- 
bers on human eosinophils and, unlike other members of 
the C-C chemokines which generally act on several 
receptors, eotaxin only signals via the CCR3 receptor. 
Other C-C chemokines, e.g. RANTES and MCP-3, also 
bind to the CCR3 receptor but with lower affinity [12, 13]. 
RANTES [14], MCP-3 [15] and the recently described 
MCP-4 [16. 17] all have the ability to stimulate eosino- 
phils with varying potency, but they are nonselective and 
stimulate other cell types, such as monocytes and T 
cells, in addition (reviewed in [18]). A further C-C chemo- 
kine, eotaxin-2, has recently been cloned and expressed 
[19]. This protein exhibits in vitro activity similar to 
eotaxin. 

There have been extensive studies on the role of eotaxin 
in animal models. The protein is potent in inducing eosin- 
ophil accumulation in vivo [4, 5] and exhibits marked 
synergism with IL-5 [20]. Increased expression of eotaxin 
mRNA and protein has been observed in allergic 
inflammation in the lung [6, 21] but is not restricted to 
allergic reactions [8]. All the eosinophil chemoattractant 
activity in bronchoalveolar fluid from allergen challenged/ 
sensitized guinea pigs was shown to be neutralized by 
an antibody to eotaxin [22]. However, targeted disruption 

Table 1. Clinical details and the numbers of EG2 + eosinophils i 



of the eotaxin gene resulted in only a partial suppression 
of eosinophil accumulation in challenged/sensitized 
mice, implying that other mediators can compensate for 
loss of the chemokine [23]. 

Eotaxin has been identified in association with many cell 
types, including T cells, macrophages and epithelial cells 
[8-10]. It has also been described in lesions of patients 
with the inflammatory bowel diseases, ulcerative colitis 
and Crohn's disease [10]. The precise cell sources of 
asthma-associated eotaxin in the airway remain to be 
established. 

There is considerable evidence to implicate eosinophil 
granulocytes in the pathogenesis of asthma. For exam- 
ple, in bronchial biopsy specimens from atopic asthma 
patients there are direct correlations between disease 
severity and the number of eosinophils [2,3] and IL-5 
mRNA* cells [24, 25]. Furthermore, in bronchoalveolar 
lavage fluid, the concentration of major basic protein 
derived from the eosinophil crystalloid granule correlates 
significantly with the degree of airway responsiveness 
[26]. 

For these reasons we have compared the expression of 
eotaxin and CCR3 (mRNA and protein) in endobronchial 
mucosal bronchial biopsy samples obtained from atopic 
asthmatics and normal, non-atopic, non-asthmatic con- 
trols and related our findings to disease severity and the 
infiltration of eosinophils into the bronchial submucosa. 
We have also identified the cell sources of eotaxin and 
CCR3 mRNA. 



2 Results 

Details of the study population are shown in Table 1 . The 
atopic asthmatics (AA) and controls (NC) were compa- 
rable in terms of age and gender. As expected, com- 

ated into bronchial biopsies of patients and controls* 



Patient group 


Age 
(years) 


Gender 
(F/M) 


Total Serum 
(lU/m!) 


Blood 
Eosinophils 
(%) 


EG2* 
Eosinophils 
(0.202 mm 2 ) 


FEV, 
(% pred) 


Histamine 
PC 20 
(mg/ml) 


Atopic asthmatics 
(n = 20) 

Normal controls 
(r? = 10) 


28.5 
(22-61) 

23.5 
(20-40) 


9/11 
3/7 


453 b) 
(57-3749) 
9 

(4-29) 


3.5 C) 
(0.1-14.2) 

0.5 
(0.1-1.7) 


9.0 C) 
(2.0-19.5) 

3.7 
(0.0-5.6) 


85^ 
(55-104) 

102.5 
92-110) 


1 .82* 
(0,16-4.0) 
>16 



a) All data are expressed as median (range). 

b) p < 0.0001 versus normal controls. 

c) p < 0.0005 versus normal controls. 

d) p < 0.005 versus normal controls. 



Eur. J. Immunol. 1997. 27: 3507-3516 

Table 2. Distribution of eotaxin mRNA* cells and percent- 
age of cells expressing eotaxin mRNA within the epithelium 
and submucosa of bronchial biopsies from asthmatics 
(n = 6f 



Distribution of % of cell 
eotaxin mRNA* co-expressing 
cells eotaxin mRNA 
{% eotaxin (% mRNA* 
mRNA* cells) cells) 



Epithelium 








Cytokeratin* epithelial cells 


68 ± 7 


50 ± 


17 


CD68* macrophages 


12 ±3 


22 ± 


5 


CD3* T cells 


11 ±5 


30 ± 


8 


Tryptase* mast cells 


4 ± 1 


40 ± 


16 


Eiastase* neutrophils 


1 ± 1 


14 ± 


9 


EG2* eosinophils 


1 ± 1 


2± 


2 


CD31* endothelial ceils 


0 ± 0 


0± 


0 


Submucosa 








CD31* endothelial ceils 


70 ±3 


36 ± 


3 


CD68* macrophages 


9 ± 1 


9± 


1 


CD3* T cells 


8 ± 2 


6 ± 


2 


Tryptase* mast cells 


6± 1 


12± 


3 


EG2 + eosinophils 


4 ± 1 


4 ± 


1 


Eiastase* neutrophils 


3 ± 1 


6± 


3 


Actin* smooth muscle cells 


0± 0 


0± 


0 



a) A combination of ISH and IHC (employing mAb against 
several phenotype markers as indicated) was used. 



pared with NC f the asthmatics had elevated total serum 
IgE. blood eosinophils and increased numbers of bron- 
chial mucosal EG2* eosinophils. 

By in situ hybridization (ISH) and immunohistoche mist ry 
(IHC) eotaxin* cells were identified in the epithelium and 
throughout the submucosa, either as isolated cells or as 
aggregates. On the other hand, CCR3 mRNA* and 
immunoreactive cells were observed predominantly in 
the submucosa. Since large areas of the epithelium from 
asthmatics were disrupted (as previously reported [27, 
28], quantification, i.e. cell counts, were confined to the 
submucosa. 

The number of eotaxin and CCR3 (mRNA and protein) - 
positive cells per unit surface area was significantly 
elevated in asthmatics when compared with NC (Fig. 1). 
In the asthmatics there were significant inverse correla- 
tions between eotaxin mRNA* cells (p = 0.006), eotaxin 
protein* cells (p = 0.017), CCR3 mRNA* cells (p L 0 026) 
CCR3 protein* cells <p = 0.018) and the histamine pro-' 
vocative concentration causing a 20% fall in FEV, (PC 20 ) 
(Fig. 2). There were also significant correlations between 
EG2* cells and eotaxin mRNA* cells (p = 0.001), 
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Table 3. Distribution of CCR3* mRNA cells and the percent- 
age of cells expressing mRNA in the submucosa of bron- 
chial biopsies from asthmatics (n = 6) 



Distribution of 
CCR3 mRNA* 
cells (% CCR3 
mRNA* cells) 



EG2* eosinophils 
CD68* macrophages 
Tryptase* mast cells 
Eiastase* neutrophils 
CD3* T cells 

CD31 * endothelial 
cells 

Actin* smooth muscle 
cells 



% of cell 
co-expressing 
CCR3 mRNA 
(% mRNA* cells) 



81 ±4 
8±2 
5± 1 
3 ± 1 
1 ± 1 
1+0 

0 ± 0 



89 ± 3 
6 ± 1 
8 ± 3 
4 ± 4 
1 ± 0 
1 ±0 

0 ± 0 



eotaxin protein (p = 0.001), CCR3 mRNA (p = 0.001) and 
CCR3 protein (p = 0.001). 

The phenotypes of cells expressing eotaxin and CCR3 
mRNA were determined by sequential IHC and non- 
radioactive ISH. In the epithelium almost 70% of the 
total eotaxin mRNA* cells were cytokeratin* cells with 
50% of these epithelial cells being mRNA* (Table 2). 
CD68* macrophages and CD3* T cells accounted for 12 
and 1 1 % of the total eotaxin mRNA*, respectively 
whereas only 6 % was attributable to tryptase* mast 
cells, eiastase* neutrophils, EG2* eosinophils and CD31* 
endothelial cells. In the submucosa 70% of the eotaxin 
mRNA* cells were CD31* endothelial cells, the remainder 
co-localizing to CD68*. CD3* ( tryptase*, EG2* and eias- 
tase* cells. As much as 36% of the CD31* cells were 
mRNA* for eotaxin. Approximately 81 % of the CCR3 
mRNA* ceils were eosinophils and 89 % of the eosino- 
phils were positive (Table 3). Of the remainder 13% of 
the CCR3* cells were distributed amongst macrophages 
and mast cells. Examples of single and double ISH and 
IHC for eotaxin and CCR3 are shown in Fig. 3. 

3 Discussion 

Data from man and experimental animals support the 
view that asthma and airway inflammation is dependent 
on interactions between T cells and eosinophils 
although the mechanism of selective eosinophil infiltra- 
tion has thus far been unclear. It is hypothesized that 
after inhalation of specific allergen there is activation of 
Th2-type T cells which leads to the elaboration of IL-4 
and IL-5 [29]. These cytokines are critical for IgE produc- 
tion and eosinophil maturation and activation. 
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There is strong evidence in the guinea pig [5, 6, 22] and 
mouse [7, 8, 30, 31] that eotaxin has a major role in 
eosinophil recruitment in allergic airways inflammation 
and that this is T cell dependent [31]. Other evidence 
suggests that IL-4 can up-regulate eotaxin mRNA in the 
mouse [7]. Further, a marked synergism between eotaxin 
and IL-5 has been observed in eosinophil recruitment 
[20, 30]. Our present results indicate that eotaxin may 
piay an important role in selective eosinophil infiltration in 
man. There appears to be constitutive expression of 
eotaxin and CCR3 (Fig. 1) as shown by clear mRNA sig- 
nals and positive immunostaining in normal controls, but 
the expression was markedly enhanced in asthma, par- 
ticularly in subjects with airway hyperresponsiveness. 

In other studies immunostaining of human nasal polyp 
tissue demonstrated that the presence of eosinophils 
was associated with eotaxin immunoreactivity in several 
cell types, Le. epithelial cells, mononuclear cells, spindle 
cells, endothelial cells and eosinophils themselves [9], 
Further, a recent study of eotaxin mRNA in bronchial 
biopsy samples from asthmatic patients reported 
increased expression in epithelial cells, T cells, macro- 
phages and eosinophils [32]. 

In the present detailed investigation of bronchial biopsies 
from asthmatic patients we found increased mRNA and 
protein expression for eotaxin and its receptor CCR3. In 
the epithelium, co-localization studies showed eotaxin 
mRNA predominantly in epithelial cells with some 
expression in macrophages, T cells and mast cells. In the 
submucosa predominant expression was in endothelial 
cells, with limited expression in macrophages, T cells, 
mast cells and neutrophils. CCR3 mRNA was mainly 
associated with eosinophils with limited expression by 
macrophages and mast cells. A recent report identified 
CCR3 on blood basophils by PCR [33]. However, in the 
absence of a precise phenoypic marker the presence of 
basophils in bronchial biopsies from ongoing chronic 
asthma is controversial and remains to be established. It 
will be difficult to determine the mechanisms involved in 
up-regulating eotaxin in different cell types in the in vivo 
setting. Other cytokines may be involved in regulating 
eotaxin production; for example, it has been shown that 
TNF-a and IL-1p stimulate eotaxin production in pul- 
monary epithelial cell lines in vitro [34]. Sallusto et al. [35] 
have recently described CCR3 expression by human Th2 
cell lines. This observation may be of particular relevance 
in explaining allergic mechanisms of recruitment of Th2 
type lymphocytes. In our present study of baseline, mild 
asthma, there were only 1 % of CD37CCR3* cells (Tab- 
les). Biopsies from severe, or chronic, asthma with a 
strong T cell signal will be required to identify CCR37IL- 
4VCD3* in allergic tissue reactions in man. The functional 
significance of CCR3 expression by cell types other than 



eosinophils, and the potential consequences for therapy 
targeted at CCR3 are important future questions. 

CCR3 was described as chemokine receptor expressed 
by eosinophils [12, 13], and in our study there was a sig- 
nificant correlation between CCR3 mRNA and protein 
expression and EG2* eosinophils in the airway mucosa in 
the asthmatics. Although eotaxin and the recently 
reported eotaxin-2 are the only eosinophij-specific che- 
mokines described to date, other chemokines, including 
RANTES [14], MCP-3 [36] and MCP-4 [16] may contrib- 
ute to eosinophil recruitment in asthma. However, in our 
recent report [37] we showed that although RANTES and 
MCP-3 mRNA* cell numbers were elevated in bronchial 
biopsy samples from asthma when compared with con- 
trols, their numbers did not correlate with clinical fea- 
tures such as the degree of airway hyperresponsiveness. 
Eotaxin, on the other hand, gave significant correlations 
(Fig. 2). Nevertheless it may be that different phases of 
allergic airways inflammation involve either mixed eosin- 
ophil/mononuclear cell infiltrates mediated by RANTES 
and MCP or selective eosinophil accumulation mediated 
by eotaxin. Further detailed studies will be required to 
delineate these mechanisms. The eosinophil is particu- 
larly attractive as a therapeutic target in asthma (in the 
absence of helminth infection) as a selective deletion of 
the accumulation of this cell type would negate 
pathogenesis associated with eosinophils, leaving host 
defence systems involving mononuclear cells intact. The 
observation that eotaxin, RANTES and MCP ail stimulate 
eosinophils via CCR3 [38] makes this receptor a prime 
target for blockade by small molecule antagonists. If 
such compounds are developed successfully, they 
would also be applicable to other diseases, such as 
allergic eczema, idiopathic pulmonary fibrosis, sarcoido- 
sis, Churg-Strauss syndrome and graft rejection. 

The demonstration of increased eotaxin and CCR3 
mRNA and protein expression in asthma compared with 
normal controls and their relation to bronchial hyperre- 
sponsiveness suggests that these molecules may serve 
as important targets for appropriate therapeutic strate- 
gies. 



4 Materials and methods 
4.1 Patient population 

Thirty volunteers were included in this study (Table 1). They 
consisted of 1 0 non-atopic non-asthmatic controls and 20 
mild to moderate symptomatic asthmatics. All were 
recruited from the Allergy Clinic, Royal Brompton Hospital, 
London, and from volunteers responding to advertisements. 
Asthma was defined as (1 ) a clear clinical history with current 
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symptoms, (2) evidence of more than 20 % reversibility of 
the forced expiratory volume in one second (FEV,) either 
spontaneously or after inhaled p 2 -agonists and/or a hista- 
mine PCm provocation test of <6mg/ml in the previous 2 
weeks. A histamine PC* 0 provocation test was performed in 
all atopic asthmatics within 2 weeks of the bronchoscopy 
day, using the method described by Hargreave et al. [39]. 
Atopy was defined by a positive skin prick test (wheal diam- 
eter of over 3 mm following subtraction of the negative con- 
trol) to extracts of one or more aeroallergens (including 
house dust mite, mixed grass pollen, mixed tree pollen, 
mixed moulds, cat fur and dog dander). Using the CAP sys- 
tem (Pharmacia Diagnostics, Sweden) all atopics demonst- 
rated a positive radioallergosorbent test (RAST) >0.70 lU/ml 
to one or more of these allergens. Non-atopic controls were 
defined by negative skin prick tests to a wide range of local 
aeroallergens in the presence of a positive histamine control. 
They also had a serum IgE concentration within the normal 
range of this laboratory (0-150 lU/m!) and negative RAST 
tests to 25 common aeroallergens. All IgE and RAST mea- 
surements were performed in the same laboratory. All sub- 
jects were non-smokers. AH asthmatics were treated with 
inhaled (J 2 -agonists and had not taken inhaled corticoste- 
roids for the previous 2 weeks or oral corticosteroids in the 
previous 6 months. Exclusion criteria included age <18 
years or >65 years, FEV, <60% of the predicted value on 
the proposed bronchoscopy day, oral corticosteroid the- 
rapy, evidence of acute or chronic infection, pregnancy, 
breastfeeding, or any chronic medical illness other than 
asthma. The study was approved by the Ethics Committee 
of the Royal Brompton Hospital, London. 

4.2 Fibreoptic bronchoscopy 

Bronchoscopy was performed using an Olympus model 
IT30 bronchoscope with 2.8 mm channel (Olympus Cor- 
poration, Tokyo, Japan) as previously described [40]. Briefly, 
all subjects (asthmatics and controls) underwent bronchos- 
copy after premedication with 2.5 mg salbutamol by nebu- 
lizer and 0.6 mg of atropine and 5-10 mg midazolam admi- 
nistered intravenously. Local anesthesia of the vocal cords, 
trachea, and bronchial tree was induced with 2 % and 4 % 
lidocaine. After inspection of the airways, biopsies were 
taken from the right middle, lower and upper lobe bronchi 
using Olympus alligator forceps (model FB20C). Biopsies 
were fixed in freshly prepared 4 % paraformaldehyde in PBS 
for 2h, washed twice for 1h with 15% sucrose in PBS 
(pH 7.4), embedded in OCT compound (Bayer, Basingstoke, 
GB), snap-frozen and stored at -80 °C until used. 

4.3 In situ hybridization 

Sections (6 |im) were freshly cut from frozen bronchial biop- 
sies onto slides coated with 0.1 % poly-L-lysine (BDH, Lei- 
cester, GB) and air-dried overnight at room temperature. All 
reagents were from Sigma Chemicals, unless otherwise indi- 



cated. Based on sequencing, a 308-bp cDNA fragment of 
human eotaxin [10] (3' UTR region bp 803-1201) and a 
1056-bp cDNA fragment of human CCFI3 [13] (encoding 
region) were inserted into PCR Bluescript and pSP72 vec- 
tors, respectively, Riboprobes were prepared from cDNA for 
eotaxin and CCR3 as previously described [24, 41]. Briefly, 
riboprobes (antisense or sense) were synthesized in the 
presence of adenine triphosphate (ATP), guanosine tri- 
phosphate (GTP), cytosine triphosphate (CTP), and [ 3S S]uri- 
dine triphosphate (UTP), and appropriate RNA polymerases 
(T7, SP6 or T3), respectively. 

Slides were defrosted for the experimental procedure. Per- 
meabilization, prehybridization, and hybridization protocols 
were as described previously [24, 41). Incubation in N-ethyl 
maleimide, iodoacetamide, and triethanolamine reduced 
non-specific binding of the 3S S-labeied probes. Negative 
controls employed hybridization with the sense probe and 
pretreatment of slides with RNase A (Promega, Southamp- 
ton, GB) prior to hybridization with the antisense probe. For 
autoradiography, slides were dipped into K-5 emulsion 
(llford, Basildon, GB) and exposed at 4°C for 2 weeks in 
absolute darkness in a desiccated environment. The slides 
were developed (D-19 developing solution; Eastman Kodak 
Co., Rochester NY), rinsed and counterstained with Harris 
hematoxylin. Dense deposits of silver grains on autoradiog- 
raphy were present over cells expressing cytokine mRNA. In 
some experiments sections were counterstained with 
chromotrope 2R. Slides were counted in duplicate blind to 
the patients' clinical status using an eyepiece graticule, as 
previously described [24, 41]. Results were expressed as the 
total number of positive celts per 0.202 mm 2 of submucosa. 
The coefficient of variability of the duplicate counts obtained 
from all slides was less than 5 %. 



4.4 Immunohistochemistry 

Immunohistochemistry was performed using alkaline phos- 
phatase anti-alkaline phosphatase (APAAP) as described 
previously [41, 42] with some modification. Rabbit anti- 
mouse Ig, APAAP, and control lgG1 were purchased from 
Dako (High Wycombe, GB). Anti-human eotaxin mAb 
(10C1 1 and 2G6) were prepared as described [9] and tested 
exhaustively to exclude cross-reactivity with other chemo- 
kines including MCP-4. Optimal concentrations of all anti- 
bodies used were determined in pilot experiments. Briefly, 
the sections were incubated with 20 % horse serum in PBS 
for 20min, then incubated overnight at room temperature 
with anti-human eotaxin (10C1 1 , 1 :1 0) or 2G6 (1 :50) or poly- 
clonal rabbit anti-CCR3 [13] (1 :1 ,000). in 20 % horse serum/ 
PBS. More than 99% of peripheral blood eosinophils (puri- 
fied by immunomagnetic selection) were immunoreactive 
with anti-CCR3. PBMC gave negative staining. For eotaxin 
immunohistochemistry sections were then treated with 
monoclonal rabbit anti-mouse IgG (1 :30, 30min) and APAAP 
(1:30, 30min), respectively. For immunostaining of CCR3, 
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sections were incubated with mouse anti-rabbit IgG mAb 
(1:30, 30min), then treated with rabbit anti-mouse and 
APAAP, respectively, as above. Positive cells stained red 
after development with Fast Red. Omission or substitution 
of the primary antibody with an irrelevant antibody of the 
same species was used as a negative control- The sections 
were counted in duplicate, under blind conditions to the 
patients' clinical status. Results were expressed as the total 
number of positive cells per square millimeter of submu- 
cosa. The coefficient of variability of the duplicate counts 
obtained from all slides was less than 5 %. No immunoreac- 
tivity was observed in sections stained with omission of the 
primary rat antibody or substitution of this antibody with an 
irrelevant antibody of the same species. 

4.5 Sequential IHC and ISH 

To identify the cell source of eotaxin and CCR3 mRNA, 
sequential IHC/lSH was employed as previously described 
[42]. Briefly, cell phenotypes were first identified by IHC 
using the APAAP technique and phenotype-specific murine 
mAb. The mAb used were directed against human epithelial 
cells (cytokeratin, clone No: MNF 116), endothelial cells 
(CD31 , clone No: JC/70A), macrophages (CD68, clone No: 
EBM 1 1), mast cell tryptase (clone No: AA1), neutrophil elas- 
tase (clone No: NP57), smooth muscle actin (clone No: 1 A4) 
(Dako), T cells (CD3; Becton Dickinson, Cowley. Oxford, 
GB), and eosinophil cationic protein (EG2; Pharmacia, 
Uppsala, Sweden). For negative controls the primary Ab was 
replaced either with non-specific mouse Ig or Tris-buffered 
saline. Sections from six atopic asthmatics with high expres- 
sion of eotaxin and CCR3 mRNA were chosen. After devel- 
oping with Fast Red for cell phenotypes, ISH was performed 
using digoxigenin-labeled riboprobes [42] specific for 
eotaxin and CCR3 mRNA. The mRNA-positive signals (dark 
blue colour) were visualized by using NBT/BCIP (4-nitro blue 
tetrazolium/5-bromo-4-chloro-3-indoly phosphate) (Sigma, 
Poole, GB) as the chromogen [42]. The numbers of positive 
cells expressing phenotypic markers (red colour), eotaxin 
and CCR3 mRNA (dark blue colour), or both (mixed colours) 
were counted in the epithelial area and submucosa in whole 
sections. The results were expressed as the percentage dis- 
tribution of cells expressing eotaxin or CCR3 mRNA, or the 
percentage co-expressed, by each cell type. 

4.6 Statistical analysis 

Data were analyzed using a statistical package (Minitab 
Release 7, Minitab Inc., State College, PA). Non-parametric 
statistical tests (Mann-Whitney U test) were used in the anal- 
ysis, and median values and range are presented in the text 
and the accompanying figures and tables. Correlation coeffi- 
cients were obtained by Spearman's rank-order method, 
p values less than 0.05 were considered significant. 
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THE ROLE OF MONOCYTE CH EM O ATTRACT ANT 
PROTEIN- 1 (MCP-1) IN THE PATHOGENESIS OF 
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" SUMMARY 

Collagen-induced arthritis was produced in tats by intradermal immunization with type II collagen and the expression and production 
of monocyte chemoattractant protein- 1 (MCP-1) were, examined by immunohistochemistry, enzyme-linked immunosorbent assay 
(EL1SA), and Northern blot analysis. Two' to three weeks after the immunization, the hindfect showed swelling and redness, followed by 
the development of severe arthritis, particularly in the ankle joints. During this period, prominent infiltration of neutrophils and 
macrophages was observed. Sandwich EL ISA. and Northern blot analysis revealed that MCP-1 concentrations in the joint lavages and 
MCP-1 mRNA levels in the joint tissues both peaked at 2 weeks after the immunization. By immunohistochemistry, various types of 
cells, particularly neutrophils, macrophages, .synovial cells, and vascular endothelial cells, stained positively for MCP-1. Finally, 
injection of a neutralizing monoclonal antibody against rat MCP-1 significantly decreased the number of exudate macrophages in the 
lesions and reduced the ankle swelling by about 30 per cent compared with controls. These results suggest that MCP-1 plays a critical 
role in this model in the recruitment of monocytes and in the development of arthritis. \j; 1997 by John Wiley & Sons, Ltd. 

J. Pathol. 182: 106-114, 1997. 

No. of Figures: II. No. of Tables: 1. No. or References: 34. 
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INTRODUCTION > 

m 

• » 

The infiltration and activation . Vof monocyte/ 
macrophages in the synovial joints are important in the 
pathogenesis of inflammatory joint diseases such as 
rheumatoid arthritis (RA). The activated macrophages 
play a key role in the progression and regression of the 
inflammatory processes by secreting various cytokines, 
growth factors, and proteases. 1 - 2 As for the mecharrisms 
of macrophage infiltration, various chemokines; such 
as monocyte chemoattractant proteiri-1 (MCP-1), 3 - 4 
macrophage inflammatory protein (MIP)-l a (LD78), 2 
MIP-l p (Act2), 5 and RANTES (regulated on acti- 
vation, normal T expressed and secreted) 6 are known to 
induce direct movement of blood monocytes or macro- 
phages. Among these factors, MCP-1 is one of th* most 
potent monocyte chemoattractants and is detected 
in various pathological conditions. 7 In* addition to its 
chemotactic activity for monocytes, MCP-1 is also 
reported to attract other types of leukocytes such as 
basophils, eosinophils, or lymphocytes in vitro.* 9 

As previously reported, the MCP-1 concentration in 
joint fluids from RA patients was significantly higher 
than that from osteoarthritis. I - 10 Increased production 
cf MCP-1 by macrophages or synovial ;cells from RA 
patients suggests an important role for MCPVl in 
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macrophage accumulation in the disease, 1 - 11 but the role 
of MCP-1 in the development and progression of RA 
remains unclear. 

To study the role of MCP-1 in RA, we immunized rats 
with native type II collagen and produced collagen- 
induced arthritis, which is a useful experimental model 
of human rheumatoid arthritis. 1 3 The cell types infil- 
trating in the joint lesions were determined immuno- 
histochemically by using a panel of mouse monoclonal 
antibodies (MAbs) against rat macrophages and their 
subpopulations. neutrophils, or lymphocytes and 
their subsets. We also performed immunohistochemical 
double staining with anti-rat MCP-1 antibody to 
identify MCP-1 -producing cells. The concentration 
of MCP-1 in joint fluids and sera was measured by 
sandwich ELISA. Finally, anti-rat MCP-1 monoclonal 
antibody was intraperitoneally injected to investigate 
the biological role of MCP-1 in the progression of the 
arthritis. 



MATERIALS AND METHODS 

Animals 

Specific pathogen-free female DR/BB Wor-UTM rats 
(DR/BB rats), 7-9 weeks old, were purchased from 
Seiwa Breeding Company for Experimental Animals 
(Fukuoka, Japan) and kept under conventional labora- 
tory conditions at the Laboratory Animal Center of the 
Kumamoto University School of Medicine. 

Received 17 July 1996 
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Antibody Isotype Site of recognition 



Reactive cells 



EDI 
ED2 
TRPM-3 

OX6 

W3/25 

OX8 

RP-1 

MEP-1 

OX62 



IgGl 

IgG2a 

lgG2a 

IgGl 

IgG! 

IgGl 

lgG2a 

IgGl 

UG1 



Cytoplasm 
Cell membrane 
Cell membrane 

Cell membrane 
Cell membrane 
Cell membrane 
Cell membrane 
Cell membrane 



Monocytes, most macrophages, dendritic cells 14 
Resident or tissue-fixed macrophages 14 

Exudate or monocyte-derived macrophages, certain macrophage subpopulations 
in lymphoid organs 15 

la antigen-presenting macrophages, dendritic cells, and B cells* 6 

T-helper lymphocytes, macrophages 17 

T-suppressor/cytotoxic lymphocytes' 8 

Neutrophils and bone marrow cells 19 

Mesenchymal cells and fibroblasts 20 

Dendritic cells in lymphoid and non-lymphoid tissues 21 



Induction of arthritis 

• 

Bovine type II collagen (Nitta Gelatin Inc., Osaka, 
Japan) was dialysed against 0 01 m acetic "acid and 
emulsified together with an equal volume of^Freund's 
incomplete adjuvant (Difco, Detroit, Ml, 13.S.A.) at 
4°C. DR/BB rats were immunized by intradermally 
injecting I ml of the emulsion containing i-5mg/mJ 
native type II collagen in multiple sites on the back. 



Arthritis evaluation » 

After immunization, swelling of the hind ^paws was 
quantified by measuring the thickness of the ankle from 
the medial to lateral malleolus with slide calipers. 
Results could be reproducibly expressed to the nearest 
01 mm. The ratio of thickness of arthritic* paw to 
normal paw was defined as the paw thickness index and 
was calculated for each rat. 



I mmuno histochemistry 

For immunohistochemistry, we utilized a panel of 
mouse MAbs. The characteristics of each Ab are sum- 
marized in Table I. A mouse MAb clone, B4, which 
specifically reacts to rat MCP-1, 22 was used to detect 
MCP-1. EDI, ED2, OX6, W3/25, and OX62 were 
purchased from Serotec (Oxford, UK.). OX8 was pur- 
chased from Pharmingen (San Diego, CA. U.S.A.). 
RP-1 was a kind gift from Dr F. Sendo, Department of 
Immunology and Parasitology, Yamagata University 
School of Medicine, Japan. TRPM-3, MEP-1, and B4 
were produced in our laboratory. TRPM-3/ MEP-1 
EDI, ED2, OX6, W3/25, OX8, and RP-1 were used at a 
dilution of 1:100; B4 at 1:50, and OX62 at 1:2. 

Whole ankle tissues were fixed in 2 per cent periodate- 
lysine-paraformaldehyde fixative for 4°C for 4 h imme- 
diately after resection. After fixation, the tissues were 
rinsed with phosphate-buffered saline (PBS) containing 
10, 15, and 20 per cent sucrose and 20 per cent 
sucrose* 10 per cent glycerol for 12 h; embedded in 
OCT compound (Miles, Elkhart, IN, U.S.A.); frozen in 
liquid nitrogen; and cut into l0//m thick sections on a 
cryostat with a tungsten carbide- tipped knife (Bright, 
Huntington, U.K.). The indirect immunoperoxidase 



method was employed for immunohistochemical stain- 
ing. Briefly, after the inhibition of endogenous peroxi- 
dase (PO) activity by periodic acid treatment, 23 the 
sections were incubated with each MAb overnight at 
4°C After three washes with PBS for 5 min each, 
PO-conjugated sheep anti-mouse immunoglobulin (Igj 
F(ab') 2 (Amersham, Poole, U.K.) diluted to 1:100 was 
applied for 45 min as the second step. For visualization 
of the PO, 3,3'-diaminobenzidine (Sigma Chemical 
Corp., St. Louis, MO, U.S.A.) was used as substrate in 
0 05 m Tris-HCl buffer (pH 7-6) containing 0-01 per cent 
H 2 0 2 . Nuclei were counter-stained with haematoxylin. 
Control slides were incubated with normal mouse serum 
or isotype-matched non-relevant antibodies instead of 
the first antibodies; the results were invariably negative. 

The number of positively stained cells was counted in 
high-power fields on each section and the average 
number of cells/mm 2 was calculated. Immunohisto- 
chemical examination of tissues at each stage was 
carried out on at least three specimens prepared from 
three different rats. 



Immunohistochemical double staining 

Joint tissues were stained with B4 for MCP-1 as 
described in the section on immunohistochemistry. After 
visualization of PO activity with 3,3'-diaminobenzidine 
as substrate to give a brown colour, the sections were 
rinsed in 01 m glycine-HCl buffer (pH 2-2) to remove 
Abs. The same sections were then incubated overnight 
with one of the anti-rat MAbs: EDI, ED? TRPM-3 
OX6, W3/25, OX8, or RP-I. After washing with PBS,' 
the sections were incubated with rabbit anti-mouse 
immunoglobulin (lg) (Dako, Carpinteria, CA, U.S.A.) 
at room temperature for 1 h. The sections were washed 
with Tris-buffered saline (pH 7 6) and incubated with 
alkaline phosphatase anti-alkaline phosphatase (Dako) 
at room temperature for 1 h. The sections were subse- 
quently incubated with a mixture of 0-2 mM naphthol 
AS-MX phosphate, I jtim fast blue BB salt, and 1 mM 
levamisole (Sigma) in 50 mM Tris-HCl buffer (pH 8-7) at 
room temperature for 15 min. A positive reaction gave a 
blue colour. The percentages of cells that were double 
positive for MCP-I and for one of the cell type-specific 
MAbs were calculated. 
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Quantitation of rat MCP-J by sandnicjt EL IS A 

Immediately after resection, tissues were rinsed with 
PBS and 1 ml ofRPMI 1640 (Nissui, Tokyo, Japan) was 
injected into joints. The ankle joints were cut and the 
joint effusions were washed out. The medium was cen- 
trifuged and the cell-free supernatants were collected. 
The supernatant and serum from each aninry^l were 
stored at - 80°C until used. MCP-I ELISA was; carried 
out according to the method reported previously. 23 . 
Briefly, a microtitre plate (Nunc. Roskilde, Denmark) 
was coated with one of the mouse anti-rat MCP-l 
MAbs, B4 or C4- at 4°C overnight. After repeated 
washing and blocking, serial dilution of recombinant 
rat MCP-l and test samples were applied to the plate. 
The incubation was done at 37°C for 90 min with 
subsequent washing. Then rabbit polyclonal anti-rat 
MCP-l antibody was added. After the incubation and 
washing, PO-conjugated donkey anti-rabbit Ig F(ab') : 
(Amersham) was added and the plate was incubated at 
room temperature for 60 min. After washing, the plate 
was incubated with o-phenylenediamine dihydrochloride 
(Sigma) and the colour was read spectrophotometrically 
at 405 nm; the sensitivity of the assay, was 0 078 ng/ml. 

RNA isolation and Northern blot analysis 

Total cellular RNA was isolated by an acid guanid- 
ium phenol-chloroform method tVom each ankle tissue 
including synovium. RNA isolation and Northern 
hybridization were performed according to the arotocol 
reported previously. 23 ^ 

Injection of an anti-rat MCP-I neutralizing MAb 

We have reported previously the production of MAbs 
against rat MCP-l. 22 To clarify the neutralizing activity 
or the MAbs, 100 //I of 2 x 10~ y M rat recombinant 
MCP-l was incubated with the same volume of serial 
dilutions of each MAb purified- on a protein G- 
Sepharose column at room temperature for 10 min and 
then monocyte chemotactic activity was assayed with 
human peripheral blood mononuclear cells. 24 

After immunization with type II "collagen, anti-rat 
MCP-l MAb (clone C4. 1 mg/kg body weight) was 
injected intrapcritoneally (i.p.) every/ other day. As a 
control study, an irrelevant isotype-matched MAb, 
HBM-L 25 was injected. The paw thickness index and 
the numbers of infiltrating cell subpopulations in the 
antibody-treated group were compared with those of 
the control group. 

Statistical analysis -y 

• ■ * 

The significance of the data was evaluated by the 
Student's Mest or one factor ANOVA repeated 
measures test, and P values <0*05 were considered 
significant. 

RESULTS 

Development of collagen-induced arthritis 

Redness and swelling appeared in the hindfeet around 
10 days after the immunization, peaked at 2-3 weeks, 

f! 1997 by John Wiley & Sons, Ltd. 




0 ■ i ■ ■ ■ 

0 5 10 15 20 25 

Days after immunization 

Fig. I — The ratio of arthritic paw thickness to normal paw thickness 
was defined as the paw thickness index. The index peaked at 2-3 weeks 
after immunization and reached about 1*5. It was significant in 
comparison with the control rats (*P< 001) 

and diminished thereafter. The paw thickness index 
(ratio of arthritic/normal paw thickness) peaked at 
about 1*5 at 3 weeks after the immunization (Fig. I). 

Histologically, there was no inflammatory reaction in 
the ankle joints I week after the immunization. After 2. 
weeks, proliferation of the synovial lining cells anci 
infiltration of large numbers of mononuclear and poly- 
morphonuclear leukocytes were observed in the syn- 
ovium and joint space, accompanied with oedema in soft 
tissues, erosion of cartilages, and pannus formation. In 
the ©edematous soft tissues, increased numbers of 
plump, spindle, or reticular fibroblasts were observed, 
probably due to fibroblast proliferation. 

Three weeks after the immunization, proliferation of 
the synovial lining cells and fibroblasts were found, 
along with a marked infiltration of mononuclear and 
polymorphonuclear leukocytes. Erosion of cartilage, 
fibrosis, and pannus formation progressed by this time. 
Four weeks after the immunization, infiltration of 
inflammatory cells in the synovial tissues and oedema in 
the soft tissues decreased, whereas pannus formation, 
tissue destruction, fibrosis, and fibrous ankylosis 
increased. Soft X-ray examination revealed markec 
destructive changes in the joints (data not shown). 

Infiltration of inflammatory cells in the inflammatory 
synovium 

In normal joints, synovial cells were stained positively 
with EDI and ED2 (Figs 2A and 2B). The immuno 
reactivity of EDI and ED2 with synovial A cells ha: 
been previously reported by Verschure et ul., 2u suggest- 
ing that the EDI- and ED2-positive cells in the norma 
joints are synovial A cells. Resident macrophage: 
distributed in the periarticular soft tissues were ED2 
positive (Fig. 2B). Small numbers of synovial A cell: 
were positive for TRPM-3 in the normal joints (Fig. 2C) 
A few cells among the synovial lining cells were positivt 
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pit*. 2 Immunohisiochemical staining with MAbs. In the norma) joint, synovial macrophages (synovial A cells) positive for EDI (A) and ED2 (B). 

and a few synovial A cells weakly positive for TRPM-3 (C) can be observed. In the arthritic lesions. EDI-. ED2-. and TRPM-3-positive cells increase 
in number at 2 weeks after immunization (D-F). In the same stage, synovial B cells express a weak immunoreactivity for MEP-I (G), and many 
macrophages and small round cells show positive reactions for OX6 (H) in the inflamed synovium. Plump, reticular, or spindle-shaped fibroblasts 
stain positively with MEP-I in the inflamed periarticular soft tissue (I) 



for OX6 or W3/25. These W3/25-positive cells closely 
resembled macrophages. OX8-, RP-1-, or MEP-U 
positive cells were not detected in the normal joints. 

One week after the immunization, there were no 
changes in the distribution pattern of ED1-, ED2- or 
TRPM-3-positive macrophages or OX6- or ;W3/25- 
positive cells in the joints. Two weeks after the immu- 
nization, a large number of RP-1 -positive neutrophils 
infiltrated into the joint space, synovial sublining 
layers, and periarticular soft tissues. The number of 

i Ivv7 by John Wilcv & Sons. Ltd. ■ - 



EDI -positive cells increased in both synovial lining and 
sublining layers, and also in the periarticular soft tissues 
(Fig. 2D). The number of ED2-positive cells slightly 
increased (Fig. 2E). A large number of TRPM-3-positive 
cells were detected, especially in the synovial lining layer 
(Fig. 2F). In the thickened or hyperplastic synovial 
membranes, some synovial cells (probably synovial B 
cells) showed MEP-1 immunoreactivity (Fig. 2G). The 
number of OX6-positive cells increased in the joint 
space, synovial lining, and sublining layers (Fig. 2H). 
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Weeks aftet immunization Weeks after immunization 

(A) (B) 

Fin 3— 1\) Number or cells positive for anti-rat macrophage MAbs EDK ED2, and TRPM-3. Each bar indicates mean ± standard 
deviation*. (B) Numerical change in inflammatory cells positive for OX6, W3/25, OX8. or RP-1. EDK TRPM-3-, OX6-, W3/25-, OX8-, 
and RP-l-positive cells increase significantly at 2 weeks after immunization (*P<005; **P<0 01) 
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Weeks after immunization 

Fig. 4 — Quantitation of rat MCP-l by sandwich ELISA. The MCP-1 
level in the joint lavage was increased significantly at 2-3 weeks after 
immunization (*/ > <001). In the serum, M'CP-J was not detectable at 
any time 



OX62-positive dendritic cells were sparsely distributed 
in the connective tissues (data not shown). The number 
of W3/25-positive macrophages increased in the syn- 
ovium. Small round cells, of which the cell surface 
staining pattern with W3/25 was typical for helper T 
cells, were sparsely distributed in the sublining layer and 
periarticular soft tissues (data not shown). A few OX8- 
positive cells were detected in the sublining layer and 
soft tissues (data not shown). Staining with MEP-1 
MAb indicated that plump-, spindle-, or ! reticular- 
shaped cells in the synovial membranes and surrounding 
tissues were fibroblasts (Fig. 21). * 

Three weeks after the immunization, the numbers of 
RP-l-positive neutrophils, EDI- or TRPM-3-positive 
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Fig. 5 — Norihcrn blot analysis shows marked expression of rai M< 
mRNA at. 2 weeks after immunization. 9L is a rat glioma cell 
known to produce rat MCP-1 



macrophages, and OX6-, W3/25-, OX8-posi 
macrophages or lymphocytes decreased. ED2-posi 
cells were scattered in the synovium and in the j. 
articular soft connective tissues. Figure 3 shows 
kinetics of ED1-, ED2-, TRPM-3-, OX6-, W3/ 
OX8-, and RP-l-positive cell infiltration in the a; 
joints after the immunization* 

Detection of MCP-1 in synovial lavage fluids, sera, t 
synovia! tissues by sandyvich ELISA, Northern blot 
analysis, and immunohistochemistry 

MCP-1 concentrations in the joint lavage fluids 
sera were measured by ELISA each week after 
immunization. As shown in Fig. 4, the MCP-1 con 
trations in the lavage fluids peaked at 2 weeks aftei 
immunization and declined thereafter. Jn the * 
MCP-l was not detected throughout the experime 
period. 
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Pig, 6— Immunohistochemical staining with a MAb against rat MCP-I (B4) in the rat ankle joint at 2 weeks after immunization. In 
the inflammatory synovial lesions, infiltrated neutrophils, synovial lining cells, macrophages in the sublining layer or connective 
tissue, and lymphocytes stain positive!) for B4 (A); endothelial cells of a blood capillary are positive (B); and plump, swollen, or 
activated fibroblasts are positive in the oedematous soft tissues (C) 
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EDI ED2 TRPM-3 0X6 KP-1 

Percentage of MCP-I -expressing cells in each cell subpopu- 



Tohil cellular RNA extracted from each joint was 
analysed for MCP-I mRNA by Northern analysis. 
Accumulation of MCP-1 mRNA was detected at 
2-3 weeks after the immunization (Fig. 5). 

lmmunohistochemistry with an anti-MCP-1 MAb 
demonstrated no MCP-1 -positive cells until 1 week after^ 
the immunization. However, a large number of MCP-1*" 
positive cells were detected at 2 weeks in the inflamma- 
tory synovial tissues (Fig. 6). Infiltrating leukocytes 
and synovial cells showed moderate to intense immuno- 
reactivities for MCP-I (Fig. 6A). Endothelial cells, or 
perivascular adventitial cells of small blood vessels 
(Fig. 6B) and plump, swollen, or activated fibroblasts 
were also stained positively for MCP-1 (Fig. 6C). The 
number of MCP-1 -positive cells decreased at weeks. 
Some cells resembling macrophages were still positive 
for MCP-I at 3-^ weeks. > : 

To identify the cell types of the MCP-hj)roducing 
cells, the tissue sections were double stained for MCP-l 
and cell surface markers. Figure 7 shows the percentages 
of MCP-1 -positive cells in each EDJ-, ED2-^TRPM-3-, 
OX6-. and RP-1 -positive cell population. ; TRPM-:3- 
posilive macrophages and RP-1 -positive neutrophils 
were strongly positive for MCP-1. None of the W3/25- 
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Fig. 8 - -Chemoiaciic activity assay with peripheral blood mononuclear 
cells. Clone C4 neutralized about 70 --80 per cent of rat MCP-I activity 
at 1:3 (MCP-I :C4) molar ratio hi vitro. Clone B4 (see Methods) had a 
lower neutralizing activity 



or OX8-positive cells was stained positively with the 
anti-rat MCP-I MAb. 



Suppressive effects of an ti -rat MCP-1 MAb on 
collage n-indu ced arthritis 

As shown in Fig. 8, one of the MAbs, clone C4, 
neutralized about 70-80 per cent of rat MCP-I activity 
at 1:3 (MCP-1 :C4) molar ratio in vitro: this MAb was 
therefore used for in vivo experiments. 

In the rats treated with the control MAb, no changes 
were noted in the development of arthritis compared 
with the untreated group. In contrast, paw swelling of 
the hindfeet in the anti-rat MCP-1 -treated rats was 
decreased by about 27 and 33 per cent of that of 
untreated rats at 2 and 3 weeks after the immunization, 
respectively (Fig. 9). Although some arthritic changes 
were still observed in the anti-MCP-1 -treated rats, 
destruction of the joints was significantly reduced. The 
numbers of ED1-, ED2-. and especially TRPM-3- 
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5 10 15 
Days after immunization 

Fia. 9 — Hindleet swellina was suppressed significantly by injection of 
anti-nil MCP-l MAb. *><005: **/><00l 

positive macrophages in the anti-MCP-l-treated rats 
were also reduced, compared with the untreated 
rats (Figs 10 and 11). 



DISCUSSION 

In the present investigation, collagen-induced arthritis 
was produced in rats by immunizing rats with type 11 
collagen. Swelling and leukocyte infiltration in the ankle 
joints peaked at 2 weeks, followed by destruction of* 
articular tissues, fibroblastic proliferation, and fibrous 
ankylosis. Thest^-histo pathological changes are con- 
sistent with those described in previous studies. 13 - 7 
To analyse the types of leukocytes infiltrating the 
inflammatory lesions, we utilized a panel of ;MAbs 
for immunohistochemistry as listed in Table I, RP- 1 - 
positive neutrophils and ED- 1- or TRPM-3-positive 
exudate-type macrophages were the major cell 



populations infiltrating into the joints. The number of 
infiltrating cells peaked at 2 weeks after the immuniz- 
ation and decreased at 3-4 weeks. In contrast, the 
number of ED2-positive resident macrophages was not 
significantly changed. 

The concentration of MCP-1 in the joint lavage fluids 
and the expression of MCP-1 mRNA in the joint tissues 
peaked at 2 weeks and decreased at 3-4 weeks. These 
changes correlated with the increases in the number 
of ED-1- or TRPM-3-positive macrophages in the 
joints, suggesting that MCP-l induces the infiltration of 
monocytes into the lesions. In contrast, the number of 
ED2-positive macrophages did not correlate with the 
elevation of MCP-1 concentration in the joint lavage 
fluids or with the expression of MCP-1 mRNA in the 
tissues. These data coincide with our previous studies on 
monocyte/macrophage infiltration into lung injuries 
induced by intratracheal instillation of bleomycin.- 2 or 
into transplanted tumours which produced a high 
amount of MCP-1. 23 In our recent study, we have also 
shown that an injection of recombinant rat MCP-1 into 
rat skin causes monocyte infiltration but no increase in 
resident macrophages (data not shown). 

Jn addition to its monocyte chemotactic activity, 
MCP-1 has been reported to be a chemoattractant for 
CD45RO-positive lymphocytes in vitro* Recently. Rand 
et oL reported that an injection of anti-MCP-l antibody 
inhibited lymphocyte infiltration in a rat delayed-type 
hypersensitivity model. 28 In the present study, increases 
in the number of \V3/25-positive helper T cells and 
OX8-positivc suppressor/cytotoxic T cells were found in 
the inflammatory synovial tissues, but they were not 
suppressed by injection of anti-rat MCP-l. In the 
present study, we were not able to examine the infil- 
tration of CD45RO-positive T cells, since no CD45RO 
antigen has yet been identified on rat T cells. Further 
investigation is necessary to determine whether MCP-1 
directly attracts lymphocytes in vivo. 



T.r. 





Fig. 10— The number of TRPM-3-positive cells is decreased by injection of anti-rat MCP-l MAb (A), compared with control rats (B) 
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EDI ED2 TRPM-3 OX 6 W3/25 OX8 RP-J 

Fig. II — The number of TRPM-3-posittve cells : was reduced signifi- 
cantly by injection of anti-rat MCP-1 MAb. *P<00\ imf 

III the tmnsgenic mice overexpressing in the 

basal cells of the epidermis. 29 a significant infiltration of 
CD45- and la-positive dendritic/Langerhans cells was 
demonstrated in the dermis. In the present study, the 
number of OX6-positive (la-positive) cells was increased 
in the inflammatory synovial tissues. However^ OX62- 
positivc dendritic cells were only sparsely distributed in 
the connective tissues in this arthritis model. 

MCP-1 immunoreuctiviiy was found in the synovial 
cells, neutrophils, macrophages, endothelial cells, adven- 
titial cells of small blood vessels, and fibroblasts 2 weefes 
after the immunization. The number of MCP-1 -posit ive 
cells decreased at 3 -4 weeks, but macrophages continued 
to show MCP-1 immunoreactiviiy. An intense i mm u no- 
reactivity for MCP-1 in macrophages and vascular 
endothelial cells in this collagen-induced arthritis mod^l 
is in agreement with results reported for RA in 
humans. 1 " The frequency of MCP-l expression among 
MCP-l-positive cells in the inflammatory joints was 
highest in macrophages and neutrophils. This result is 
consistent with that of rat lung injuries and granuloma 
formation induced by bleomycin. 2 - zymosan, or silica 
instillation.* 1 Although Villiger et al. reported tlfe 
expression of MCP-I in cultured cartilaginous cells •/>? 
vitro. yx we could not confirm MCP-I i mm uflo reactivity 
in cartilaginous cells in the inflammatory joints. \ 

A significant reduction in the number of TRPM-3- 
positive macrophages in the inflammatory synovial tis- 
sues was found in the rats injected with C4. Inhibition of 
TRPM-3-positive macrophage infiltration by the injec- 
tion of anli-MCP-1 MAb was 52 per cent of that in the 
control rats; this might be due to incomplete inhibition 
of MCP-1 activity by the MAb injected or the presence 
of other monocyte chemoattractants produced in the 
lesion such as R ANTES, M1P-1 a, MIP-1 ft or other 
plasma-derived chemotactic factors. 

Cellular and humoral immunological responses 
against type II collagen are involved in the pathogenesis 
of collagen-induced arthritis. 32 In previous studies, 
suppression of arthritis was demonstrated by the 
administration of anti-T-cell receptor or anti-CD4 
MAb, suggesting that T cells play an essential role in the 
development of arthritis. 33 * 34 In the present study, the 
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first report of treatment for experimental arthritis 
with MAb against rat MCP-1, we could not inhibit 
the infiltration of lymphocytes in the joint tissues, but 
we were able to reduce the swelling of the joints by 
30 per cent and to suppress significantly the infiltration 
of monocytes into the inflammatory joint tissues. Thus, 
inhibition of MCP-1 production in the joints may be 
useful in RA therapy, because MCP-1 appears to play 
an important role in recruiting monocytes that actively 
produce and release various cytokines, enzymes, or 
bioactive substances. 
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Effect of Regular Inhaled Albuterol on Allergen-induced 
Late Responses and Sputum Eosinophils in 
Asthmatic Subjects 

G. M. GAUVREAU, M. JORDANA, R. M. WATSON, D. W. COCKCROFT, and P. M. O'BYRNE 

Asthma Research Group, Departments of Medicine and Pathology, McMaster University, Hamilton; and Division of Respiratory Medicine, 
Department of Medicine Royal University Hospital, Saskatoon, Saskachewan, Canada 

Treatment with inhaled ^-agonists immediately before allergen inhalation inhibits allergen-induced 
early, but not late asthmatic responses (LAR). By contrast, 2 wk treatment with inhaled albuterol in- 
creases airway responses to inhaled allergen. We examined the effects of regular albuterol treatment 
on allergen-induced increases in inflammatory cells in blood and induced sputum. Ten mild, stable al- 
lergic asthmatics inhaled albuterol (800 ^g/day) or placebo for 7 d in a controlled, randomized, dou- 
ble-blind, crossover study. Allergen inhalation was performed 12 h after the final dose. Methacholine 
airway responsiveness and blood samples were analyzed before and 24 h after, and induced sputum 
was obtained before, 7 h and 24 h after allergen. Allergen significantly reduced methacholine PC 20 , 
increased blood eosinophil numbers, and numbers of sputum neutrophils, EG 2 positive and meta- 
chromatic cells (p < 0.05), without significant differences between treatments. Albuterol treatment 
significantly increased the LAR compared to placebo treatment (p = 0.003) and significantly enhanced 
the number of sputum eosinophils (p = 0.009) and sputum ECP (p = 0.04) at 7 h but not 24 h post- 
allergen (p > 0.05). We conclude that regular use of inhaled albuterol significantly increases the LAR 
to inhaled allergen, in association with an increase in the number of sputum eosinophils and the re- 
lease of ECP, suggesting albuterol increases the late response by increasing eosinophil influx into the 
airways. Gauvreau GM, Jordana M, Watson RM, Cockcroft DW, O 'Byrne PM. Effect of regular 
inhaled albuterol on allergen-induced late responses and sputum eosinophils in asthmatic 

SUbjeCtS. AM I RESPIR CRIT CARE MED 1997;156:1738-1745. 



Airway inflammation is an important characteristic in patients 
with current symptomatic asthma. This has been demon- 
strated by increased numbers of inflammatory cells, particu- 
larly eosinophils, mast cells and lymphocytes present in bron- 
chial biopsies (1) bronchoalveolar lavage fluid (BAL) (2) and 
sputum (3) from asthmatics when compared to nonasthamtics. 
Allergen challenge is a valuable laboratory model for the 
study of the pathogenesis of airway inflammation in asthma. 
Allergen inhalation results in acute bronchoconstriction in 
sensitized subjects, and in 50-60% of adult subjects, this is fol- 
lowed by a late bronchoconstrictor response (LAR) , which is 
associated with the development of allergen-induced airway 
hyperresponsiveness (4) f and increases in the number of air- 
way inflammatory cells, particularly eosinophils and meta- 
chromatic cells (MCC), in bronchial biopsies (5), BAL (6), 
and induced sputum (7, 8). Sputum induction is a safe, nonin- 
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vasive method of directly obtaining repeated samples of air- 
way secretions (3) . Measurements of inflammatory cells from 
sputum are repeatable (9), demonstrate changes associated 
with airway responses after inhaled allergen (8), and has been 
shown to demonstrate the effects of a therapeutic intervention 
with inhaled corticosteroids (10). 

Inhaled {^-adrenoceptor agonists are the most effective bron- 
chodilator agents for the symptomatic treatment of asthma. 
p 2 -agonists reverse airway obstruction primarily by relaxing 
airway smooth muscle (11). In addition, |3 2 -agonists are potent 
inhibitors of the release of histamine and newly synthesized 
mediators from activated mast cells (12) in vitro, and p 2 - 
adrenoceptors have been found on other immune cells includ- 
ing macrophages, eosinophils, neutrophils and lymphocytes, 
and may modulate adhesion of inflammatory cells through a 
cAMP-dependant kinase (13). Thus, these in vitro studies sug- 
gest that p 2 -agonists may have some anti-inflammatory prop- 
erties for the treatment of asthma. 

However, recent studies have demonstrated that regular 
treatment with p 2 -agonists increase airway responsiveness to 
nonallergic stimuli (14, 15), and enhance allergen-induced late 
bronchoconstrictor responses (16, 17). Regular treatment with 
albuterol is also associated with increased levels of activated 
eosinophils in bronchial biopsies (18). Given the association 
between allergen-induced airway responses and airway eosi- 
nophilia (3, 6, 7, 10), we hypothesized that regular treatment 
with inhaled p 2 -agonist might also enhance the allergen-induced 
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TABLE 1 



SUBJECT CHARACTERISTICS, ALLERGEN DOSE, AND TREATMENT RANDOMIZATION 



Subject Number 


Age 

{yd 


Gender 


FEV, 

{% predicted) 


Methacholine PC 20 
(mg/mf) 


Inhaled Allergen 


Allergen Dilution 


Order of Treatment 


Rescue Medication 


1 


20 


F 


91.9 


6.71 


HDM 


1:16 


A/P 


0/0 


2 


24 


M 


93.8 


2.58 


Cat 


1:128 


A/P 


0/1 


3 


21 


F 


93.4 


1.91 


HDM 


1:1,024 


P/A 


1/0 


4 


21 


M 


77.6 


3.06 


Ragweed 


1:256 


P/A 


1/2 


5 


21 


F 


93.6 


0.37 


HDM 


1:1,024 


P/A 


0/0 


6 


21 


F 


82.7 


3.41 


Ragweed 


1:128 


A/P 


0/0 


7 


20 


M 


81.1 


1.30 


HDM 


1:512 


P/A 


4/0 


8 


21 


F 


81.9 


0.87 


HDM 


1:512 


A/P 


1/0 


9 


21 


M 


70,5 


5.76 


Grass 


1:1,024 


A/P 


0/0 


10 


22 


M 


96.1 


1.59 


Grass 


1:16 


P/A 


0/0 



Definition of abbreviations: FEV, = forced expiratory volume in 1 second: methacholine PC M = provocative concentration of methacholine for 20% reduction in FEV,; F = female: 
M = male: HDM = house dust mite; P = placebo treatment; A = albuterol treatment: rescue medication = number of occasions during A or P treatment when two puffs ipratropium 
bromide was inhaled to relieve bronchoconstriction. 



airway eosinophilia. Therefore, the purpose of this study was 
to determine whether regular treatment with the inhaled 
p 2 -agonist, albuterol, administered for 1 wk, a duration of treat- 
ment known to enhance the allergen-induced late bronchocon- 
strictor responses (17), influences allergen-induced changes in 
inflammatory cells, particularly eosinophils, in blood and in 
the airways as assessed by changes in induced sputum. 



METHODS 
Subjects 

Fourteen nonsmoking subjects (Table 1) with mild atopic asthma 
(eight female, six male), were selected for the study because of a pre- 
viously documented allergen-induced early and late bronchoconstric- 
tor response of at least 1 5% reduction in the forced expiratory volume 
in 1 s (FEVJ during a screening period, and gave signed consent to 
participate in the study. Inhalation challenge with the allergen diluent, 
0.9% saline, was completed during the screening period in order to 
correct the allergen-induced fall in FEVi for normal airflow variabil- 
ity during the allergen challenge day. Four of the subjects dropped out 
of the study due to protocol violations. Two of these subjects were un- 
able to inhale the same three doses of allergen at ail three allergen in- 
halation challenges, because of marked bronchoconstriction at the 
lowest inhaled dose of allergen during the albuterol treatment period. 
Two subjects were excluded from the study because their diary cards 
indicated they had used albuterol instead of the medication provided 
as a rescue medication during the study. The statistical analysis was 
performed on results from the remaining 10 subjects. This sample size 
was considered sufficient, as a previous study has shown that eight 
or more subjects can demonstrate a 50% change in the LAR with a 
power of > 90%, using the same methodology employed in this study 
(19). The study was approved by the Ethics Committee of McMaster 
University Health Sciences Center. Subjects were not exposed to sen- 
sitizing allergens and did not have asthma exacerbations or respira- 
tory tract infections for at least four weeks prior to entering the study. 
AH subjects had stable asthma with FEV, greater than 70% of pre- 
dicted normal on all study days before allergen inhalation. Subjects 
used no regular medication other than infrequent (< twice weekly) 
inhaled 0 2 -agonist as required to treat their symptoms. Ipratropium 
bromide replaced p 2 - a g° msts as a rescue medication during the study 
period. All medications were withheld for at least 8 h before each 
visit, and subjects were instructed to refrain from rigorous exercise, 
tea, or coffee in the morning before visits to the laboratory. 



Study Design 

The study was carried out with a double blind, placebo-controlled, 
randomized, two-period cross-over design (Figure 1). During each pe- 



riod, subjects were treated with either inhaled albuterol 200 u-g (2 
puffs) four times daily (Ventolin; Glaxo Canada, Toronto, Ontario) , 
or an identical placebo 2 puffs four times daily for 1 wk. Each treat- 
ment period consisted of four visits to the laboratory. Baseline mea- 
surements of FEVi, the provocative concentration of methacholine 
causing a 20% fall in FEV| (PC 20 ), blood and induced sputum differ- 
ential and total cell counts were determined before treatment and on 
the 7th day of treatment with albuterol or placebo. Allergen chal- 
lenges were carried out the following morning, 12 h after treatment 
was discontinued, and FEV! was measured for the next 7 h. Sputum 
samples were obtained during the late response. 7 h after allergen in- 
halation. 19 h after treatment was discontinued. Sputum could not be 
induced earlier than 7 h. because of the requirement of pretreatment 
with inhaled p 2 -agonists before sputum induction, which would inter- 
fere with subsequent measures of allergen-induced airway responses. 
Blood was not obtained 7 h after allergen because allergen-induced 
eosinophilia has not been shown to occur at this time after allergen in- 
halation (20). Methacholine PC 2 o. blood and sputum samples were ob- 
tained 24 h post -allergen, 36 h after treatment was discontinued. Each 
treatment period was separated by a washout period of at least 3 wk. 



Laboratory Procedures 

Methacholine inhalation test Methacholine inhalation challenge was 
performed as described by Cockcroft (21). Subjects inhaled normal 
saline, then doubling concentrations of methacholine phosphate from 
a Wright nebulizer for 2 min, FEVi was measured at 30. 90, 180, and 
300 s after each inhalation. Spirometry was measured with a Collins 
water-sealed spirometer and kymograph. The test was terminated 
when a fall in FEV! of 20% of the baseline value occurred, and the 
methacholine PC 2 o was calculated. 
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Figure 7. Study design. 
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Allergen Inhalation Test 

Allergen challenge was performed as described by O'Byrne and co- 
workers (22). The allergen producing the largest skin wheal diameter 
was diluted in normal saline. The concentration of allergen extract for 
inhalation was determined from a formula described by Cockcroft 
and coworkers (23) using the results from the skin test and the metha- 
choline PC 2 o. The starting concentration of allergen extract for inhala- 
tion was two doubling concentrations below that predicted to cause a 
20% fall in FEVj. The same doses of allergen were administered dur- 
ing each treatment period, and the FEV t was measured at 10, 20. 30, 
40, 50. 60, 90, and 120 min post allergen inhalation, then each hour un- 
til 7 h after allergen inhalation. The early bronchoconstrictor response 
was taken to be the largest fall in FEV, within 2 h after allergen inha- 
lation, and the late response was taken to be the largest fall in FEVi 
between 3 h and 7 h after allergen inhalation. The area under the 
curve was determined during the early (0-2 h) and late (3-7 h) re- 
sponse by plotting the response using graphics software (Fig P.; Fig P 
Software Corporation. Durham, NC). which calculated the area of the 
FEV, -time response. All allergen challenges were performed with the 
same allergen dose utilized during the screening challenge. 

Differentia} blood counts. Blood was collected into heparinized 
tubes by direct venipuncture, and blood smears were made for differ- 
ential staining (Diff Quik; American Scientific Products. McGaw 
Park. IL). Differential cell counts were obtained from the mean of 
two slides with 300 cells counted per slide. Total leukocyte count was 
determined using a hemocytometer (Neubauer Chamber; Hausser 
Scientific, Blue Bell. PA), and cell populations were expressed as the 
number per ml blood by dividing by the total number of cells counted, 
and multiplying by the total leukocyte count. 

Sputum analysis. Sputum was induced and processed using the 
method described by Popov and coworkers (24). Subjects inhaled 3%, 
4%, then 5% saline for 7 min each. The induction was stopped when 
an adequate sample was obtained, or if the FEVi dropped 20% from 
baseline. Cell plugs with little or no squamous epithelial cells were se- 
lected from the sample using an inverted microscope, separated from 
saliva, and weighed. Samples were aspirated in two times their volume 
of 0.1% dithiothreitol (Sputolysin. Calbiochem Corp., San Diego, CA) 



and two times their volume of Dulbecco's phosphate buffered saline 
(Gibco, Grand Island, NY) . The cell suspension was filtered through a 
52 u,m nylon gauze (BNSH Thompson, Scarborough, ON, Canada) to 
remove debris, then centrifuged at 1,500 rpm for 10 minutes. Superna- 
tants were collected and stored at —70° C for fluid phase measurements 
of eosinophil cationic protein (ECP) by radioimmunoassay (Pharma- 
cia, Uppsala, Sweden). The total cell count was determined using a 
hemocytometer (Neubauer Chamber) and expressed as the number of 
cells per ml sputum. Cells were resuspended in Dulbecco's phosphate 
buffered saline (DPBS) at 0.75-1.0 x lOVml. Cytospins were prepared 
on glass slides using 50 jjlI of cell suspension and a Shandon III cyto- 
centrifuge (Shandon Southern Instruments, Sewickly, PA), at 300 rpm 
for 5 miri. Differential cell counts were obtained from the mean of two 
slides with 400 cells counted per slide stained with Diff Quik. The 
same observer counted all study slides, and the reproducibility of the 
cell counts using these methods is excellent (9). For example, the in- 
terclass correlation coefficient is 0.97 for sputum eosinophils. Metach- 
romatic cell (MCC) (mast cells and basophils) counts on slides stained 
with toluidine blue, were obtained from the mean of two slides with 
5,000 cells observed on each slide. Cell types were enumerated by di- 
viding by the total number of cells counted, and multiplying by the to- 
tal cell count per milliliter of sputum. If possible, cytospins were also 
prepared on apex coated slides and fixed for 10 min in periodate- 
lysine-paraformaldehyde for immunocytochemical staining for ECP. 
Slides were stained with a mouse monoclonal antihuman antibody di- 
rected against cleaved ECP (EG2) (Kabi Pharmacia, Uppsala, Swe- 
den) which was diluted in 1.0% BSA (Sigma Chemical Co.) and wash 
buffer made up of DPBS. 0.01 M HEPES buffer (Boehringer Man- 
nheim Canada Ltd.. Burlington, ON) and 0.01% saponin (Sigma 
Chemical Co.), and were incubated overnight at a concentration of 1 
ixg/ml. Labeling of EG2 was detected by the alkaline phospatase anti- 
alkaline phosphatase method (25) . Mouse IgGl (Sigma Chemical Co.) 
was used as a negative control. The percentage of EG2 positive cells 
was determined from a count of 500 cells under light microscopy, and 
were expressed as the number of EG2 positive cells per ml of sputum. 
These slides were also double stained with 10 u.g/ml FITC for 10 min, 
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Figure 2. Allergen-induced airway responses. Percent change in FEVt (mean and SEM) after inhalation of 
diluent (open circles), allergen with albuterol treatment (closed squares), and allergen with placebo treat- 
ment (closed circles). The late (3-7 h) asthmatic response to allergen was significantly enhanced with al- 
buterol (p = 0.003). 
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TABLE 2 

ALLERGEN-INDUCED EARLY AND LATE AIRWAY RESPONSES, AND METHACHOL1NE RESPONSIVENESS 

AFTER 7 d REGULAR ALBUTEROL TREATMENT VERSUS PLACEBO 



Placebo Albuterol p Value 



Early response, maximum fall in FEV V % 


-34.3 ± 


3.7 


-32.2 ± 


3.8 


0.53 


Early response, area under the curve 


63.2 ± 


10.4 


79.3 ± 


9.7 


0.11 


Late response, maximum fall in FEV 1( % 


-18.2 ± 


3.6 


-28.3 ± 


3.1 


0.003 


Late response, area under the curve 


46.1 ± 


15.9 


72.8 ± 


9.3 


0.04 


PC 2 o. 'OQ difference pre- post allergen, mg/ml 


0.50 




0.54 




0.73 



Definition of abbreviations: FEV, «= forced expiratory volume in 1 second; PC M = provocative concentration of methacholine for 20% re- 
duction in FEVV 

Early and late responses are shown as the mean ■+ SEM and methacholine PC M is shown as the geometric mean ± GSEM. 



which is a specific stain for eosinophils (26-28). The level of eosino- 
phil activation was determined by examination of 100 fluorescent cells 
for appearance of immunolocalization of the EG2 antibody, and ex- 
pressed as the number of EG2 positive/100 eosinophils. 

Statistical Analysts 

Methacholine PC 2 o measurements are made by linear interpolation of 
log dose response curves resulting in logarithmic values for PQq, 
which are then subjected to statistical analysis. Summary statistics for 
methacholine PC 20 are expressed as geometric mean and geometric 
standard error of the mean (GSEM). All other summary statistics are 
expressed as mean and SEM. Two-tailed Students t test for paired ob- 
servations was used to compare the early and late airway responses to 
allergen. The effects of 7 d treatment with placebo and albuterol treat- 
ment on airway and blood cellular and log transformed sputum cellular 
changes were analyzed, using a one-way repeated measured ANOVA, 



for the effects of treatment. The effects of placebo and albuterol treat- 
ment on allergen-induced airway and blood cellular and log transformed 
sputum cellular changes from post treatment baseline, were analyzed 
using a two-factor repeated measures ANOVA, for the effects of time 
and treatment (29). As not all subjects had an adequate number of 
sputum slides for EG2 staining, complete sets of slides were only avail- 
able from six subjects to compare the effects of 7 d albuterol treat- 
ment on baseline activated eosinophils, and from three subjects to com- 
pare the effects of albuterol in allergen-induced increases in activated 
eosinophils. All sputum cellular data were log transformed prior to 
analysis. 

RESULTS 

The allergen-induced late bronchoconstrictor response was 
significantly enhanced after albuterol treatment when com- 
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Figure 3. Allergen-induced methacholine hyperresponsiveness. individual and geometric mean metha- 
choline PC 2 o {solid bars) values before treatment, after 7 d of 800 p-g/day albuterol (solid circles) or placebo 
(open circles), and 24 h after allergen inhalation. Allergen-induced methacholine airway hyperrespon- 
siveness was not significantly different between albuterol and placebo treatments. *Significant allergen- 
induced change from post-treatment baseline. 
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TABLE 3 



THE EFFECT OF ALBUTEROL ON ALLERGEN-INDUCED CHANGES IN SPUTUM 
MEASURED 7 AND 24 HOURS AFTER ALLERGEN INHALATION 



Pre-treatment 



Post-treatment 



7 h Post-allergen 



24 h Post-allergen 



Placebo 



Albuterol 



Placebo 



Albuterol 



Placebo 



Albuterol 



Placebo 



Albuterol 



Sputum 

Eosinophils, x 10 4 /ml sputum 
Neutrophils, x 10 4 /ml sputum 
MCC, x lOVml sputum 
ECP, M-g/rnl supernatant 
EG2 positive, eosinophils/ 100 

Blood 
Eosinophils, x lOVml 
Neutrophils, x lOVml 



12 
88 
1.1 
0.4 
86.7 

36 
452 



5 

21 

0.5 

0.1 

7.9 

6 
47 



14 
167 
1.1 

0.8 
64.6 

37 
417 



5 

105 

0.5 
0.2 
17.9 

8 

48 



12 
214 
4.7 
1.1 
81.1 

39 
412 



3 

77 
2.3 
0.6 
13.4 

7 

35 



8 

124 
1.4 

0.8 
57.2 



2 

50 
0.6 
0.4 
13.6 



91 ± 62* 220 ± 156* T 

264 ± 66" 373 ± 106* 

9.0 ± 5.0* 6.8 ± 2.0* 

1.8 ±0,6* 4.3±1.8* ! 

60.0 ± 17.0 48.2 ± 10.8 



35 ± 7 
394 ± 36 



166 ± 78* 75 ± 22* 

146 ± 32* 242 ±105* 

17.5 ±7.3 4.8 + 1.9* 

8.1 ± 3.5* 5.1 ± 2.3* 

67.7 ± 14.1 57.5 ± 18.5 

58 ± 10* 56 ± 6* 

421 ± 46 474 ± 51 



Values shown are the mean ± SEM. 

* p < 0.05 significant difference between pre and post-allergen inhalation. 
r p < 0.05 significant difference between placebo and albuterol. 



pared to placebo (Figure 2). The maximal % fall in FEV! dur- 
ing the late response was 28.3 ±3.1% after albuterol treat- 
ment and 18.2 ± 3.6% after placebo treatment (p = 0.003) and 
the area under the curve was also significantly increased (p - 
0.04) (Table 2). The early bronchoconstrictor response was 
not significantly changed after albuterol treatment versus pla- 
cebo (Figure 2). The maximal % fall in FEVj during the early 
response was 32.2 ± 3.8% after albuterol treatment and 34.2 ± 



3.7% after placebo treatment (Table 2). Rescue medication 
with ipratropium bromide was rarely required during either of 
the treatment periods (Table 1). 

The methacholine PC 2 o decreased significantly 24 h after 
allergen inhalation after albuterol treatment from 1.55 mg/ml 
(GSEM 1.37) to 0.44 mg/ml (GSEM 1.32) (p = 0.002) and af- 
ter placebo treatment from 1.62 mg/ml (GSEM 1.54) to 0.51 
mg/ml (GSEM 1.38) (p - 0.002) (Figure 3), however, there 
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Figure 4. Allergen-induced increase of eosinophils, activated eosinophils, and eosinophil cationic protein 
in induced sputum. Number of sputum eosinophils (top panef), sputum fluid phase ECP {middle panel), 
and activated eosinophils (bottom panel) before treatment, after 7 d of 800 (xg/day albuterol (solid bars) 
or placebo (open bars), and at 7 and 24 h after allergen inhalation. Significant allergen-induced change 
from post-treatment baseline. *Significant allergen-induced difference between albuterol and placebo 
treatments. 
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was no difference in the magnitude of the allergen-induced in- 
crease in airway responsiveness between albuterol and pla- 
cebo treatments (Table 2). 

Allergen inhalation increased the number of eosinophils 
per milliliter in sputum both at 7 h after allergen, during the 
late bronchoconstrictor response, and 24 h after allergen when 
methacholine airways responsiveness was increased (p = 0.01). 
Albuterol treatment, however, significantly enhanced the num- 
bers of eosinophils per milliliter in sputum 7 h after allergen to 
220 ± 156 X 10 4 /ml when compared to 91 ± 62 x 10 4 /ml after 
placebo treatment (p = 0.009) (Figure 4). This difference was no 
longer present in sputum 24 h after allergen, the number of 
eosinophils being 75 ± 22 X 10 4 /ml after albuterol treatment 
and 166 ± 78 X 10 4 /ml after placebo treatment (p = 0.31) (Ta- 
ble 3, Figure 4). The absolute change in the number of aller- 
gen-induced eosinophils at 7 h was greater after albuterol treat- 
ment in nine subjects, as compared with the change after placebo 
treatment, and decreased in one subject (Figure 5). 

The concentration of ECP increased significantly after al- 
lergen inhalation from 1.1 ± 0.6 /xg/ml during placebo to 1.8 ± 
0.6 ^g/ml at 7 h and 8.1 ± 3.5 jig/ml at 24 h after allergen (p = 
0.00001). During albuterol treatment, the concentration of 
fluid phase sputum ECP increased from 0.8 ± 0.4 u,g/ml to 
4.3 ± 1.8 fxg/ml at 7 h and 5.1 ±2.3 p-g/ml at 24 h after allergen 
(Table 3, Figure 4). As with the number of sputum eosino- 
phils, the allergen-induced increase in the concentration of 
sputum ECP was significantly enhanced by albuterol at 7 h 
after allergen inhalation (p = 0.045). The allergen-induced 
changes in the number of eosinophils was correlated with the 
concentration of fluid phase ECP (p = 0.00004, r = 0.62). The 
number of EG2 positive eosinophils significantly increased af- 
ter allergen inhalation during placebo, from 18 ± 7 X 10 4 /ml 
to 223 ± 188 x lOVml at 7 h and 127 ± 50 X 10 4 /ml at 24 h af- 
ter allergen, and during albuterol treatment, from 10 ± 5 X 



lOVml to 258 ± 207 X 10 4 /ml at 7 h and 91 ± 32 x 10 4 /ml at 
24 h after allergen (p = 0.004) (Table 3, Figure 4). However, 
we did not observe a significant effect of albuterol treatment 
on allergen-induced increases in EG2 positive cells (p = 0.29). 

There was a significant correlation between the magnitude 
of the LAR (expressed as area under the curve) and the in- 
crease in sputum fluid phase ECP (r = 0.67, p = 0.002), and 
between the maximal fall in FEV! and the increase in sputum 
ECP (r = 0.56, p = 0.015). There was no significant correla- 
tion between the allergen-induced increase in the number of 
sputum eosinophils and the magnitude of the LAR (r — 0.18), 
or maximal fall in FEVi (r = 0.18). 

Allergen inhalation also increased the numbers of sputum 
neutrophils (p = 0.04) and the numbers of MCC (p = 0.02) 
measured 7 and 24 h after allergen inhalation, however there 
was no significant difference between albuterol and placebo 
treatments either at 7 or 24 h (Table 3). 

The number of blood eosinophils increased significantly 
24 h after allergen inhalation after albuterol treatment from 
35.1 = 7.5 X 107ml to 56.1 ± 6.4 X lOVml (p = 0.001) and af- 
ter placebo treatment from 38.9 ± 7.4 x lOVml to 57.7 ± 9.5 X 
lOVml (p = 0.001). This increase was the same magnitude for 
placebo and albuterol treatment periods (Table 3) . The num- 
ber of blood neutrophils measured 24 h after allergen inhala- 
tion did not change significantly after 7 d of albuterol treat- 
ment, and there was no difference in allergen-induced changes 
between albuterol and placebo (Table 3) . 

Regular use of albuterol for 7 d did not significantly alter 
the baseline FEV 1( being 3.3 ± 0.2 L after albuterol treatment 
and 3.5 ± 0.2 L after placebo treatment, or the baseline meth- 
acholine PC 20 . being 1.55 mg/ml (GSEM 1.37) after albuterol 
treatment, and 1.62 mg/ml (GSEM 1.54) after placebo. Also, 
regular albuterol treatment for 7 d did not significantly change 
the numbers of baseline blood eosinophils or neutrophils, nor 
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Figure 5. Allergen-induced change in sputum eosinophil numbers. The allergen-induced changes (post- 
allergen minus pre-allergen) in the number of sputum eosinophils (circles) after regular albuterol treat- 
ment for 7 d (closed symbols) or placebo (open symbols) and 7 h (circles) and 24 h (squares) after allergen 
inhalation. The geometric means are also shown (closed rectangles). As the difference from baseline was 
negative in two subjects on placebo treatment at 7 h after allergen inhalation, zero was used to complete 
the figure. 'Significant allergen-induced difference between albuterol and placebo treatments. 
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the number of sputum inflammatory cells; eosinophils or acti- 
vated eosinophils, MCC or neutrophils, nor the concentration 
of ECP measured in sputum (Table 3). 



DISCUSSION 

This study confirms previous reports which have demon- 
strated that regular treatment with inhaled albuterol increases 
allergen-induced late responses (16, 17). Use of ipratropium 
bromide as a rescue medication was infrequent and similar 
during both treatment periods, and should not bias the results. 
The allergen-induced late response is associated with airway 
inflammation, particularly increases in airway eosinophils and 
MCC (8). We have previously demonstrated that the number 
of eosinophils and the number of EG2 positive cells in sputum 
increase by 7 h after allergen inhalation, and remain elevated 
at 24 h (10). We therefore hypothesised that the increase in 
allergen-induced late responses may be caused by albuterol- 
induced increases in allergen-induced airway inflammation, as 
measured by changes in induced sputum. 

Consistent with this hypothesis, albuterol enhanced aller- 
gen-induced sputum eosinophils and ECP at 7 h after allergen 
inhalation, during the late response, but there were no signifi- 
cant increases in the number of sputum neutrophils or MCC. 
This suggests the albuterol-enhanced late response may be as- 
sociated with increased numbers of eosinophils rather than 
neutrophils or MCC, and is supported by the observation that 
sputum ECP levels in the present study, and sputum eosino- 
phils in other studies of patients with asthma (30, 31) correlate 
with parameters of airflow obstruction. 

We did not confirm the observations of Maestrelli and co- 
workers (31), who demonstrated a significant correlation be- 
tween the magnitude of bronchoconstriction after isocyanate 
inhalation and the increase in sputum eosinophil counts. It is 
possible that this lack of correlation is because of different 
mechanisms involved. The lack of correlation is more likely 
due to large intersubject variability in the magnitude of aller- 
gen-induced eosinophilia, which has previously been de- 
scribed (8) , and suggests the need for a larger subject sample 
size to further investigate the relationship between airway 
responses and airway eosinophilia. However, the level of ECP 
in sputum correlated well with airway responses, supporting 
the relationship between eosinophil activation and airflow ob- 
struction. 

The allergen inhalation was started 1 2 h after the last dose 
of albuterol, which is longer than its duration of pharmacolog- 
ical action. This suggests that the increases in allergen-induced 
late responses and eosinophil influx during the late response 
are a consequence of events in the airways which persist for 
8-12 h after the pharmacological effects of albuterol are over. 
In addition, there was no difference in allergen-induced air- 
way hyperresponsiveness measured at 24 h, between albuterol 
and placebo treatments, which was 36 h after the last dose of 
albuterol. This suggests that the untoward effects of albuterol 
on allergen-induced responses are short-lived. We did not ob- 
serve a difference in blood or sputum eosinophils measured 
24 h after allergen inhalation, suggesting albuterol may locally 
enhance allergen-induced eosinophilia in the airways, 7 h after 
allergen-inhalation, by altering the kinetics of eosinophil in- 
flux across the airway. The time course of the changes in aller- 
gen-induced airway eosinophils after albuterol treatment also 
suggests that the rate of trafficking of eosinophils through the 
airway may be increased. Thus, regular treatment with albuterol 
may lead to a faster onset of the appearance of eosinophils in 
the airways, as well as a faster resolution, as sputum eosinophils 



were slightly but not statistically lower 24 h following allergen, 
without altering the trafficking of other inflammatory cells. 
However, there is no direct evidence, as yet, to support any of 
these hypotheses. 

Measurement of induced sputum is a sensitive indicator of 
eosinophilic airway inflammation, and it can be used to distin- 
guish between different types of airway inflammation (32). 
Using induced sputum, we have recently demonstrated that 
treatment with inhaled steroid therapy for 7 d caused a signifi- 
cant reduction of sputum eosinophils and EG2 positive cells 
(activated eosinophils) (10) associated with complete attenua- 
tion of the late response and significant reduction of allergen- 
induced airway hyperresponsiveness. In the present study, we 
also found an allergen-induced increase in both the number of 
eosinophils and the number of activated eosinophils. Quantifi- 
cation of eosinophils dual stained with FITC and EG2 demon- 
strated that the ratio of eosinophils localizing EG2 did not 
change after allergen inhalation (Table 3) . This indicates that 
the allergen-induced increase in activated eosinophils into 
sputum is due to an influx of eosinophils into the airways 
rather than an increased level of activation of airway eosino- 
phils. These results support our earlier observations with aller- 
gen-induced eosinophilia (10). Furthermore, albuterol may be 
enhancing the influx of eosinophils into the airway without af- 
fecting their level of activation. 

The mechanism of the albuterol-induced increases in aller- 
gen-induced airway eosinophils was not investigated in this 
study. Short term treatment with albuterol has been reported 
to down-regulate pulmonary p 2 -receptors in vivo in humans 
(33). Down-regulation of p 2 -receptors on immune cells may 
render these cells more easily activated to participate in airways 
inflammation due to overexpression of adhesion molecules. 

Finally, it is also possible that the enhanced late broncho- 
constrictor response with albuterol treatment is not only asso- 
ciated with increased influx of eosinophils into the airways, 
but also may be associated with tolerance to the broncho-pro- 
tective effect of the inhaled p 2 -agonist (34). Desensitization of 
p 2 -adrenoceptor-induced cAMP formation has been observed 
in cultured airway smooth muscle cells (36), and this response 
in vivo may render subjects less able to respond to endoge- 
nous catecholamines. 

In this study, one week regular treatment with albuterol 
did not have an effect on baseline FEV 1( methacholine PC 2 o. 
allergen-induced early responses, or baseline numbers of in- 
flammatory cells measured in peripheral blood or sputum. 
Studies with longer term regular treatment of p 2 - a g on i st have 
shown increased airway hyperresponsiveness to nonallergic 
stimuli (14, 15), and increased EG2 positive cells in bronchial 
biopsies (18). It may require a similar length of albuterol treat- 
ment to demonstrate increased indices of inflammation in pe- 
ripheral blood or sputum in this group of mild asthmatics. 

The clinical consequences of the effect of regular albuterol 
use on allergen-induced airway responses and inflammation 
are not known. However, it is a concern that one reason for 
asthmatics to increase their usage of inhaled p 2 -agonists is 
during allergen exposure, when asthma symptoms increase. 
Whether or not this repeated use of an inhaled p 2 -agonist dur- 
ing regular and repeated allergen inhalation, rather than the 
single, high dose allergen inhalation used in this study to elicit 
late responses, further enhances allergen-induced responses 
and eosinophil influx requires further study. 

In conclusion, this study confirms previous observations 
that regular treatment with inhaled 0 2 -agonist enhances the al- 
lergen-induced late bronchoconstrictor response. In addition, 
this study demonstrates an enhancement of allergen-induced 
eosinophil influx into the airways with regular albuterol treat- 
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ment, suggesting that albuterol enhances the late bronchocon- 
strictor response to inhaled allergen by increasing the rate of 
influx of airway eosinophils. 
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Abstract 

The CC chemokine eotaxin, identified in guinea pigl|U*nd 
also recently in mice, may be a key element for the sefective 
recruitment of eosinophils to certain inflame Id tissues. Using 
a partial mouse eotaxin cDNA probe, the human eotaxin 
gene was cloned and found to be 61.8 and 63.2% identical at 
the amino acid level to guinea pig and mouse eotaxin. Hu- 
man eotaxin protein was a strong and specific eosinophil 
chemoattractant in vitro and was an effective eosinophil 
chemoattractant when injected into the skin of a rhesus 
monkey. Radiolabeled eotaxin was used to identify a high 
affinity receptor on eosinophils (0.52 nM K d ), expressed at 
4.8 X 10 4 sites per cell. This receptor also bound RANTES 
and monocyte chemotactic protein-3 with lower affinity, 
but not macrophage inflammatory protein-la. Eotaxin 
could desensitize calcium responses of eosinophils to 
RANTES and monocyte chemotactic protein-3, although 
RANTES was able to only partially desensitize eosinonhil 
calcium responses to eotaxin. Immunohistochemistryi on 
human nasal polyp with antieotaxin mAbs showed that cer- 
tain leukocytes as well as respiratory epithelium were in- 
tensely immunoreactive, and eosinophil infiltration occu red 
at sites of eotaxin upregulation. Thus eotaxin in humans is a 
potent and selective eosinophil chemoattractant that is ex- 
pressed by a variety cell types in certain inflammatory Con- 
ditions. (J. Clin. Invest 1996. 97:604-612.) Key wolds: 
chemokines • cytokines • inflammation • eosinophils « 
chemotaxis * * 

* 

Introduction 

Chemoattractant cytokines (chemokines) play an important 
role in the recruitment of leukocytes to inflammatory lesions 
(1-4). Over 20 different chemokines have been identified to 
date, and different chemokines show characteristic biologic ac- 
tivity for distinct subsets of leukocytes. IL-8 is predominantly a 
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neutrophil chemoattractant (2, 5), while monocyte chemotac- 
tic protein (MCP) 1 -! serves predominantly as a monocyte and 
T cell chemoattractant (6, 7). Chemokines are produced by a 
variety of cell types, particularly in inflamed tissue, and endo- 
thelial-bound chemokines may provide a migration cue to cir- 
culating leukocytes, by signaling through seven transmem- 
brane-spanning G-protein-coupled receptors on the leukocyte 
(8, 9). The notion that chemokines and their receptors play a 
fundamental role in the recruitment of leukocytes to inflamed 
tissues is supported by animal models in which anti-IL-8 
mAbs inhibit neutrophil recruitment (10-12) and in IL-8 re- 
ceptor knockout mice in which neutrophil recruitment to in- 
flammatory sites is impaired (13). 

Eosinophilic leukocytes also selectively accumulate in some 
inflammatory tissues, particularly in response to parasitic in- 
fection, and also as a result of IgE-mediated reactions such as 
rhinitis and allergic asthma (14-16). A number of factors have 
been described as being chemotactic for human eosinophils, 
including PAF (17), C5a (18), IL-16 (19), and the chemokines 
RANTES and MCP-3 (20-23), although all of these factors are 
chemotactic for other cell types. The striking accumulation of 
eosinophils in certain tissues suggest that there may be factors 
that are chemotactic specifically for eosinophils. A CC 
chemokine termed eotaxin was identified as the predominant 
eosinophil chemoattractant in the bronchoalveolar lavage fluid 
of allergen challenged guinea pigs (24). Eotaxin was highly po- 
tent in guinea pigs, inducing substantial eosinophil accumula- 
tion at a 1-2 pmol dose in the skin. Northern blot analysis 
demonstrated eotaxin mRNA in the lungs of naive and sensi- 
tized guinea pigs, although allergen challenge led to consider- 
ably increased levels (25, 26). 

To examine the biology of human eotaxin and its role in 
disease, we cloned a human homologue of guinea pig eotaxin. 
Human eotaxin mediated the selective migration of eosino- 
phils, both in vitro and in vivo. Ligand binding and calcium de- 
sensitization studies indicated that eotaxin shares a novel re- 
ceptor with RANTES and MCP-3 on eosinophils, distinct from 
the CC chemokine receptors CKR-1 (the macrophage inflam- 
matory protein (MIP)-lot/RANTES receptor)(27, 28) and 
CKR-2a,b (the MCP-1 receptors) (29). Based on the high affin- 
ity of eotaxin for its receptor and its selective activity, eotaxin 
appears to be an important chemokine for human eosinophil 
function. 



1. Abbreviations used in this paper; [Ca 2+ ]i, intracellular cytosolic free 
calcium; MCP, monocyte chemotactic protein; MIP, macrophage in- 
flammatory protein. 
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Methods 

Library screening, cDNA isolation, Northern hybridizations. A mouse 
clone, designated clone 28, containing a partial mouse eotaxin cDNA 
encoding murine eotaxin amino acids 17-61 was digested with EcoRI 
to release a 135-bp fragment (29a). This fragment was labeled by ran- 
dom priming using a kit from Boehringer Mannheim Biochemicals 
(Indianapolis, IN) following the manufacturer's recommended label- 
ing protocol. This probe was used to screen a human genomic library 
purchased from Clontech (Palo Alto, CA) using standard molecular 
biology techniques (30). Hybridization with the mouse clone 28 probe 
was in 6X SSC containing 2x Denhardt's solution and 25 ng/ml dena- 
tured salmon sperm DNA overnight at 65°C. The membranes were 
rinsed twice in 2x SSC, 0.05% SDS at 65°C followed by two washes 
(15 min each) in 0.2x SSC, 0.1% SDS at 55 6 C. One phage clone, des- 
ignated clone 25, was found to contain a nucleotide s'equence with sig- 
nificant similarity to the mouse and guinea pig eotaxin clones and was 
the subject of further analysis. 

Human spleen mRNA was purchased from Clontech. The follow- 
ing primers, derived from genomic sequence analysis were used to 
amplify clone 25 cDNA from human spleen mRNA, 5' primer: 
5'-GGATCCAACATGAAGGTCTCCG, 3' primer: 5'-GAATTCT- 
TATGGCTTTGGAG-TTGGAG. 200 ng of spleen mRNA was re- 
verse transcribed with oligo dT. 2 |xl of this cDN A was amplified with 
100 pmol of each primer in a final reaction mixture containing 60 mM 
Tris-HCl, pH 8.5, 2.0 mM MgCl 2 , 200 mM dNTPs, and 2.5 U Taq 
polymerase. The cycle parameters for PCR were as follows: 95°C, 1 
min; 25. cycles of 94°C, 30 s; 68°C, 10 s; 72°C, 10 s;72°C, 6 min^he 
PCR fragment was digested with EcoRI and BamHI and cloned into 
appropriate vectors for further analysis. 

Multiple tissue Northern blots were purchased from Clontech and 
probed with the full-length human clone 25 cDNA labeled as de- 
scribed above for the mouse clone 28 probe. The blots were prehy- 
bridized for 2 h at 68°C in ExpressHyb Tm solution (Clontech) fol- 
lowed by hybridization for 1 h at the same temperature. The blots 
were washed twice for 20 min in 2x SSC, 0.05% SDS at 65°C fol- 
lowed by two washes for 20 min in 0.2X SSC, 0.1% SDS at 65°C. Un- 
der these conditions, the full-length human clone 25 probe hybridizes 
with a single fragment on genomic Southern blots (data not shown). 

Preparation of human eosinophils, neutrophils, and PBMC. Hu- 
man neutrophils were isolated from heparinized venous blood by 
Percoll density gradient centrifugation (5=1.088) at room tempera- 
ture (31). RBCs were removed by hypotonic lysis. Eosinophils were 
isolated from the blood of individuals with high levels of circulating 
blood eosinophils (5-17%) by combined density gradient centrifuga- 
tion and negative selection with anti-CD16 magnetic beads (32). 
Briefly, the granulocyte fraction from the Percoll centrifugation was 
incubated with CD16 microbeads (Miltenyi Biotec Inc., Sunnyvale, 
CA) for 30 min. Cells were then passed through a MACS column 
(Miltenyi Biotec Inc.), and eosinophils were collected in the flow 
through. Eosinophil purity was > 99% as determined by analysis of 
Diff-Quik-stained cytocentrifugation preparations by light micros- 
copy. PBMCs were obtained as described (31). 

Chemokines and chemotaxis. Recombinant human chemokines 
were obtained from Peprotech Inc. (Rocky Hill, Ny). Human eotaxin 
was synthesized using solid-phase methods that wtre optimized and 
adapted to a fully automated peptide synthesizes' (430A; Applied 
Biosystems, Inc., Foster City, CA) as described elsewhere (33)., Leu- 
kocyte chemotaxis was assessed using a modification of a transendo- 
thelial assay (6). The endothelial cells used for this Jssay were the en- 
dothelial cell line ECV 304 (34), obtained from the European 
Collection of Animal Cell Cultures (Porton Downs, UK). Endothe- 
lial cells were cultured on 6.5-mm diameter Transwell culture inserts 
(Costar Corp., Cambridge, MA) with a 3.0-ji.m pore size. Culture me- 
dia for ECV 304 cells consisted of M199 + 10% FCS, L-glutamine, 
and antibiotics. Assay media consisted of equal parts RPMI 1640 and 
Ml 99, with 0.5% BSA. 24 h before the assay, 2 X 10 5 ECV 304 cells 
were plated onto each insert of the 24-well chemotaxis plate, and in- 



cubated at 37°C. Chemotactic factors (diluted in assay medium) were 
added to the 24-well tissue culture plates in a final vol of 600 ul En- 
dothelial-coated Transwells were inserted into each well and 10 6 leu- 
kocytes were added to the top chamber in a final vol of 100 ul. The 
plate was then incubated at 37°C in 5% C0 2 /95% air for 1-4 h, de- 
pending on the leukocyte type being studied. The cells that had mi- 
grated to the bottom chamber were counted using flow cytometry. 
500 p.1 of the cell suspension from the lower chamber was placed in a 
tube, and relative cell counts were obtained by acquiring events for a 
set time period of 30 s. This counting method was found to be highly 
reproducible, and enabled gating on the leukocytes and the exclusion 
of debris or other cells. Counts obtained in this way matched closely 
those obtained by counting with a microscope. 

Measurement of intracellular cytosolic free calcium [Cd*+)L Eosin- 
ophils were labeled with the fluorochrome Fluo-3 (Molecular Probes, 
Eugene, OR) according to the manufacturers recommendations. 
Briefly, 50 p.g of Fluo-3 was dissolved in 44 ul of DMSO and diluted 
to 10 n.M with modified Gay's buffer (MGB; 5 mM KC1, 147 mM 
NaCl, 0.22 mM KH 2 P0 4 , 1.1 mM Na 2 HP0 4 , 5.5 mM glucose, 0.3 mM 
MgS0 4 *7H 2 0, 1 mM MgCl 2 , and 10 mM Hepes, pH 7.4). Cells were 
resuspended in MGB to 10 7 cells/ml, and incubated with an equal vol 
of 10 mM Fluo-3 mix for 30 min at room temperature. Cells were then 
washed twice with MGB and resuspended at 2 X 10 6 cells/ml in MGB. 
The [Ca 2+ ]i was measured on the FACScan®, by analyzing FL1 (lin- 
ear scale) versus time. 

mAbs, mAbs were produced against human eotaxin by immuniz- 
ing mice with 10 u,g of synthesized Eotaxin, three times over a period 
of 4 wk. The first immunization was intraperitoneal with Freund's 
complete adjuvant, the second was intraperitoneal with Freund's in- 
complete adjuvant, and the final immunization was protein alone in- 
travenous. 4 d after the last immunization, the spleen was taken, and 
cell fusion was performed using the cell line SP2/0, as described (31). 

ELISA. ELISA was performed by coating 50 pi of eotaxin or re- 
combinant MCP-1, MCP-3, or other chemokines onto 96- well Maxi- 
sorp plates (Nunc Inc., Naperville, IL), at a concentration of 2 jig/ml 
in carbonate buffer, for at least 4 h at 4°C 300 jxl/well of blocking 
buffer (PBS + 1% BSA) was added for at least 2 h, or until the day of 
the assay. Plates were washed 4x with PBS/Tween 20, and 50 uJ of 
mAb supernatant was added to each well and incubated at 37°C for 
1 h. Plates were washed 4X with PBS/Tween 20 and alkaline phos- 
phatase-conjugated second antibody (Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA) diluted 1:500 in PBS was added 
to each well. After an incubation at 37°C for 30 min, plates were 
washed 4x with PBS/Tween 20, The substrate used for the color reac- 
tion was p-nitrophenylphosphate dissolved in diethanolamine buffer 
(Bio-Rad Laboratories, Richmond, CA). Plates were read at 410 nm 
on an ELISA reader. 

Immunohistochemistry. Immunohistochemical analysis for hu- 
man eotaxin protein was performed on formalin-fixed, paraffin- 
embedded samples of nasal polyps using techniques previously de- 
scribed (35, 36). Briefly, deparaffinized sections were postfixed in 
0.6% H 2 0 2 in methanol for 20 min at room temperature to remove 
endogenous peroxidase activity, followed by blocking with PBS/10% 
goat serum for 30 min at room temperature. Anti-human eotaxin 
mAb (or irrelevant mAb) was then used as neat tissue culture super- 
natant overnight at 4°C, followed by biotinylated goat anti-mouse 
IgG (Vector Laboratories, Burlingame, CA), and'avidin-biotin-per- 
oxidase complexes (Vector Laboratories). Diaminobenzidine was 
used as the chromagen and Mayer's hematoxylin as the counterstain. 
Sections immunostained for eotaxin were compared to step sections 
with hematoxylin and eosin to evaluate spatial associations with eosin- 
ophil infiltration. 

Ligand binding assay. 125 I-labeled RANTES were purchased 
from DuPont NEN (Boston, MA), with a sp act of 2,200 Ci/mM. 
125 I-labeled eotaxin was produced using the Bolton Hunter reagent 
(DuPont NEN), as described (31). The specific activity of radiola- 
beled eotaxin was calculated to be 180 Ci/mM. Chemokine binding to 
target cells was carried out using a modified method previously re- 
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Figure J. (A) Nucleotide sequence and deduced amino acid sequence of human clone 25 cDNA coding region. The underlined amino acids cor- 
respond to the predicted signal sequence with the arrowhead indicating the predicted signal peptidase cleavage site. (£) Amino acid sequence 
alignment of the predicted mature clone 25 protein with other human CC chemokines as well as guinea pig and mouse eotaxin. Amino acid num- 
bering is relative to clone 25, and amino acids identfcal to clone 25 are boxed. These sequence data are available from GenBank under accession 
number U34780. ' 



ported (37). Cells were washed once in PBS and reiuspended in bind- 
ing buffer (50 mM Hepes, 1 mM CaCl 2 , 5 mM MgGl 2 , and 0.5% BSA) 
at a concentration of 1 x 10 7 /ml. Aliquots of 50 p.1 fl5 X 10 s cells) were 
dispensed into microfuge tubes, followed by the ad Jition of cold com- 
petitor and radiolabeled chemokines as indicated in the text. The fi- 
nal reaction vol was 200 |xl. Nonspecific binding was determined by 
incubating cells with radiolabeled chemokines in the presence of 250- 
500 nM of cold chemokines. After 60-min incubation at room temper- 
ature, the cells were washed three times, with 1 ml of binding buffer 
plus 0.5 M NaCl. Cell pellets were then counted. All experiments 
were carried out using duplicates and repeated at least three times. 
Curve fit was calculated by KaleidaGraph software (Synergy Soft- 
ware, Reading, PA). 

In vivo assessment of eosinophil recruitment. A male adult rhesus 
monkey was injected intradermally at nine sites on the back with 10, 
100, or 1,000 pmol of either eotaxin, RANTES, or BSA in 0.1 ml PBS. 
Full thickness skin biopsies (6 mm) were taken frorTi these sites at 4 h 
after injection. These tissues were fixed in fonmlin, embedded in 
paraffin, and sectioned for histological analysis by staining with he- 
matoxylin and eosin. Quantitative, computer-assis ed morphometric 
analysis of skin sections was performed using a Quantimet 500 Image 
Analyzer (Leica Inc., Deerfield, IL). The relative density (number 
cells/mm 2 ) of eosinophils was enumerated on at least five random 
fields per section just adjacent to and including the postcapillary 
venules of the superficial vascular plexus. Cells were selected based 
on the color wavelength generated from eosin-stained cytoplasmic 
granules of eosinophils, and color selection criteria were identical on 
all sections analyzed. The number of eosinophils/mm 2 of dermis was 
then calculated. 



Results 

Cloning of a human eotaxin. A candidate human homo'logue 
of guinea pig eotaxin was cloned using the following approach. 
First, using degenerate primers deduced from the guinea pig 
sequence (25), a partial cDNA for a candidate mouse eotaxin 
was cloned (29a). Screening of a human genomic library with a 
mouse probe yielded 11 phage which were plaque purified and 
analyzed by restriction digest. One phage, designated clone 25, 
contained a 1.0-kb Hindlll and a 5.5-kb Pst fragment wblch 
hybridized with the murine eotaxin probe. These fragments 
were subcloned, sequenced, and found to contain a nucleotide 
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sequence with significant similarity to other chemokine genes. 
To determine if this genomic clone encoded a functional gene, 
specific primers were used to amplify a cDNA. Fig. 1 A shows 
the nucleotide sequence and predicted amino acid sequence of 
the amplified product from human spleen mRNA. Clone 25 
encodes a 97 amino acid protein including a putative hydro- 
phobic leader peptide of 23 amino acids with a leader pepti- 
dase cleavage site predicted by amino acid consensus and com- 
parison with other chemokine sequences. This protein is a 
member of the CC chemokine family as indicated by the cys- 
teine pair at amino acid position 9 and 10 in Fig. \A. 

Fig. 1 B shows an amino acid sequence alignment of the 
predicted mature clone 25 protein with other members of the 
CC chemokine family. This protein shows highest amino acid 
sequence identity to human MCP-1 and human MCP-2, both 
at 64.5% followed by mouse eotaxin, guinea pig eotaxin, and 
human MCP-3 with 63.2, 61.8, and 57.7%, respectively. Lower 
amino acid sequence identity is observed with human MIP-ip 
(36.8%), human RANTES (34.2%), and human MlP-la 
(32.9%). Interestingly, further comparison shows that clone 25 
shares with both guinea pig and mouse eotaxin a two amino 
acid deletion between positions 5 and 6 (Fig. 1 B) suggesting 
that clone 25 is the human homologue of the murine and 
guinea pig eotaxin genes. Comparison of the putative NHj ter- 
minus of clone 25 shows, however, that it does not share either 
the glutamine residue essential for optimal MCP-1 function 
(38) or the basic histidine residue present in both the mouse 
and guinea pig eotaxin sequence. A comparison between clone 
25 and the guinea pig and mouse eotaxins also shows that the 
NH 2 terminus is poorly conserved, with only the two prolines 
at amino acid positions 2 and 6 completely conserved. Amino 
acids 51-62 are absolutely conserved, and based on the nuclear 
magnetic resonance structure of RANTES, this region is hy- 
pothesized to form a loop connecting a P-sheet of the chemo- 
kine core with the COOH-terminal a-helix (39). 

Screening of multiple tissue Northern blots containing 2 |xg 
of poly A + selected RNA revealed a major hybridizing mes- 
sage at ~ 0.8 kb with the highest level of expression in the 
small intestine and colon (Fig. 2). There was also a detectable 
level of expression in heart. No detectable level of mRNA ex- 
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Figure 2. Northern analysis of ~ 2 u,g of o!igo-dT-selected RNA 
from various human tissues. Blots were purchased from Clontech and 
hybridized as described in Methods. After boiling in 0.5% SDS to 
remove specific probe, the blots were rehybridized with a p-actin 
control. 



pression was evident in other tissues under the conditions de- 
scribed, however clone 25 cDNA has been amplified by PCR 
from spleen, thymus, and purified eosinophils (not shown). 

In vitro chemotactic response of human leukocytes to h pu- 
tative human eotaxin. The protein encoding clone 25 (deduced 
from the nucleotide sequence) was chemically synthesized and 
folded, following procedures used previously for other CC 
chemokines (38). Human eosinophils, neutrophils, monocytes, 
and lymphocytes were assessed for their response to different 
concentrations of this as well as other chemokines in a sensi- 
tive transendothelial chemotaxis assay (Fig. 3). The chemokine 
encoded by clone 25 was a strong chemoattractant for eosino- 
phils, and usually showed a similar activity to RANTES and 
MCP-3, two well characterized eosinophil chemoattractants 
(20-23). We observed only modest chemotaxis of human eosin- 
ophils to MlP-la or IL-8 in normal donors, although eosino- 
phils from an individual with a history of asthma and very high 
eosinophil levels responded to these chemokines. The chemo- 
kine encoded by clone 25 was not chemotactic" for humati neu- 
trophils or lymphocytes (Fig. 3) and mediated only a Veak 
response in monocytes at very high doses (> 1,000 ng/ml). 
Anti-CD3-activated T cells were unresponsive at all concen- 
trations tested (not shown). The use of endothelial cells jn the 
chemotaxis assay enables a significant improvement in Signal 
to noise (6, 40), sometimes reaching values of ^00:1. In bare fil- 
ter chemotaxis assays, the typical bell shaped curve w.$s ob- 
tained, and the concentration of eotaxin that yielded the great- 
est eosinophil migration was 100 ng/ml. A : checkerboard 
analysis with various concentrations of clone 25 j>r-otein 
showed that the migration of eosinophils was chemotactic 
rather than chemokinetic. . . . 

In vivo recruitment of rhesus monkey eosinophils to imputa- 
tive human eotaxin. To test the in vivo role of the cherribkine 
encoded by clone 25, an adult rhesus monkey was 'injected in- 
tradermally with 10, 100, or 1,000 pmoi of either clone*2£ pro- 
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Figure 3. Chemotactic responses of human leukocytes to eotaxin and 
other chemokines. Human eosinophils (A), neutrophils (£), mono- 
cytes (C), and lymphocytes (£>) were assessed in transendothelial 
chemotaxis assays to 1, 10, 100, and 1,000 ng/ml of various chemo- 
kines. Cells migrating from the top well of the Transwell to the bot- 
tom well were enumerated by counting for 30 s with a FACScan®. 
The endothelial cells used for coating the polycarbonate membrane 
of the Transwell were ECV304 cells. Values are a representative ex- 
periment of at least six performed. □, eotaxin; O, IL-8; O, RANTES; 
A, MlP-la; ffl, MCP-3. 



tein, human RANTES, or BSA. Histologic assessment and 
quantitative image analysis of skin biopsies showed no recruit- 
ment of eosinophils with BSA at doses of 10 and 100 pmol, and 
only a rare isolated eosinophil at 1,000 pmol (Fig. 4). The 
greatest eosinophil recruitment was observed at the injection 
site for 1,000 pmol of clone 25 protein, or human RANTES, 
which was characterized histologically by foci consisting of 
5-10 eosinophils adjacent to postcapillary venules of the su- 
perficial vascular plexus in the dermis, as well as clusters of 
eosinophils scattered throughout the dermal collagen bundles. 
The chemokine encoded by clone 25 elicited recruitment of 
eosinophils at 10, 100, and 1,000 pmol, whereas RANTES elic- 
ited a response only at 1,000 pmol. Although nonspecific der- 
mal recruitment of occasional neutrophils was apparent in all 
specimens, including those injected with BSA, the leukocyte 
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Figure 4. Recruitment 
of eosinophils to the 
skin of a rhesus mon- 
key injected with clone 
25 protein, RANTES, 
or BSA. An adult 
rhesus monkey was in- 
jected intradermally 
with 10, 100, or 1,000 
pmol of either clone 25 
protein, RANTES, or 
BSA. Full thickness 
skin biopsies (6 mm) were taken from these sites at 4 h after injection, 
and histologic assessment and quantitative image analysis of skin bi- 
opsies was performed. The relative density (number cells/mm 2 ) of 
eosinophils was enumerated on at least 5 random fields/section just 
adjacent to and including the postcapillary venules of the superficial 
vascular plexus. 
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types recruited to the clone 25-challenged site were > 90% 
eosinophils. In contrast, although eosinophils were recruited to 
the 1,000 pmol R ANTES injection site, increased numbers of 
perivascular mononuclear cells were observed in all RANTES 
injection sites, similar to the infiltrate observed in a previous 
study with dogs (41). 

Because of the high sequence similarity between clone 25 
and guinea pig eotaxin, and the fact that this chemokine is se- 
lectively chemotactic for eosinophils in vitro and in vivo, this 
chemokine will henceforth be referred to as human eotaxin. 

Human eotaxin desensitizes [Co 2 *] i responses of eosinophils 
to most CC chemokines. The transient elevation in [Ca 2+ ]i in 
cells upon chemokine binding can be used to monitor receptor 
activation, and the desensitization that occurs through a given 
receptor can provide some insight into receptor usage by dif- 
ferent agonists (20, 42, 43). Fluo-3-loaded eosinophils (> 99% 
purity) showed a strong, rapid, and transient rise in [Ga^fcaf- 
ter stimulation with 50 nM of human eotaxin (Fig. 5). A sjfrfnar 
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Figure 5. Changes in the cytosolic free calcium concentration in hu- 
man eosinophils in response to various chemokines/ In the first set of 
experiments (left hand plots), eotaxin was added first, followed by a 
test chemokine indicated on the right of the figure, followed by IL-8. 
In the second set of experiments (right hand plots), test chemokipe 
were added first, followed by eotaxin, followed by IL-8. Chemokines 
were added at the points indicated by arrows to a final concentration 
of 50 nM. In this experiment, IL-8 induced a calcium flux on a pro- 
portion of eosinophils and was used for control purposes at 50 nM> # 
FL1, linear scale. 



response was observed with 50 nM human RANTES, and 50 
nM MCP-3. An advantage of using the FACScan® for [Ca 2+ ]i 
analysis is that the proportion of cells responding to a given 
ligand can be assessed. All eosinophils responded to eotaxin, 
RANTES, and MCP-3, but only a proportion (~ 20-30%) re- 
sponded to MlP-la, IL-8, or MCP-1, although these values 
were variable from donor to donor. 50 nM of human eotaxin 
was able to completely desensitize eosinophils to subsequent 
stimulation with 50 nM RANTES, MCP-3, MCP-1, MlP-lot, 
and MCP-2 (Fig. 5). In addition, 50 or 100 nM RANTES could 
only partially desensitize eosinophils to subsequent stimula- 
tion with 50 nM of human eotaxin. However a range of con- 
centrations of MCP-3, MCP-2, MCP-1, or MlP-la (10-100 
nM) were unable to desensitize subsequent responses to eo- 
taxin. In all of the analyses, IL-8 was used as a control, since 
none of the CC chemokines could desensitize eosinophil re- 
sponses to IL-8. 

Human eotaxin binds with high affinity to a receptor on 
eosinophils. The expression of the receptor for eotaxin on 
eosinophils was examined using ligand binding with radiola- 
beled eotaxin and RANTES. Fig. 6 A shows the binding of 125 I- 
labeled eotaxin to human eosinophils, in the presence of 
increasing concentrations of "cold" competitors. 125 I-labeled 
eotaxin bound to eosinophils, and this binding could be com- 
peted efficiently with cold eotaxin. Binding could also be com- 
peted with cold MCP-3 and RANTES, although MCP-3 and 
RANTES competed less efficiently than eotaxin for 125 I- 



Figure6. Competitive 
binding of chemokines 
to human eosinophils. 
Purified human eosino- 
phils were resuspended 
in binding buffer (50 
mM Hepes supple- 
mented with 0.5% 
BSA, 1 mM CaCl 2 , and 
5 mM MgCl 2 ). Into each 
microfuge tube were 
added 5 X10 5 eosino- 
phils, various concen- 
trations of unlabeled 
chemokines, and 1 nM 
radiolabeled eotaxin 
(A), or 0.1 nM radiola- 
beled RANTES (B). 
After 60 min at room 
temperature, the cell 
pellets were washed 
and counted as de- 
scribed in Methods. 
Points generated by 
cold MlP-la could not 
be analyzed by the 
curve fit program as 
there was no competi- 
tion at the concentra- 
tions used. C shows a 
Scatchard plot using un- 
labeled eotaxin to com- 
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pete with radiolabeled eotaxin binding to human eosinophils. It re- 
veals a K 6 of 0.52 nM and 4.8 X 10 4 binding sites per cell. These data 
are representative of at least three experiments. O, eotaxin; ▲, 
RANTES; ffi, MCP-3; MlP-la. 
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Table I. Properties of a Panel of Antieotaxin mAbs 
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* Specificity was determined by ELISA using plates £oated with eotaxin, 
MCP-1, MCP-3, RANTES, or MlP-la. * Neutralist g ability was as- 
sessed by mAb inhibition of 125 I-labeled eotaxin binding to human.eosin- 



ophils and by inhibition of chemotaxis. 'mAb stain 
tions was assessed using human nasal polyp. 
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labeled eotaxin binding. MlP-lot was not able to compete with 
125 I-labeled eotaxin binding under the conditions used, sug- 
gesting that eotaxin binding to eosinophils was through a re- 
ceptor other than CKR-1 (the MIP-la/RANTES receptor). 
This was confirmed using CC CKRl-expressing transfectants 
and cell lines; 125 I-labeled eotaxin was unable to bind these 
cells, and cold eotaxin was unable to compete with 1 "I -labeled 
RANTES binding (not shown). Competitive binding by unla- 
beled eotaxin produced a Scatchard plot (Fig. 6 C), which re- 
vealed a single binding site for eotaxin on eosinophils, a K d of 
0.52 nM, and 4.8 X 10 4 binding sites per cell. Scatchard plots 
using 125 I-labeled RANTES revealed similar binding sites per 
cell. In a similar set of experiments, eosinophils were "incu- 
bated with 125 Mabeled RANTES (Fig. 6 B)s and increasing 
concentrations of cold eotaxin, RANTES, MCP-3, or MlP-la. 
Binding of 125 I-labeled RANTES to human iibsinophUs could 
be efficiently competed with cold eotaxin, ark eotaxin ,was a 
much more efficient competitor than cold MC?-3 or RAISES. 

Expression of eotaxin in tissues and upregulation at a site of 
eosinophil recruitment. A panel of 50 mAbs Was produced to 
human eotaxin by immunizing mice with the#chemically syn- 
thesized material, and screening for specific mAbs by ELISA. 
The majority of the mAbs were found to be;'-specific for eo- 
taxin, in that they showed strong reactivity With eotaxin, and 
no reactivity with human MCP-1, MCP-3, RANTES, orjMIP- 
la, as assessed by ELISA. Several of the mAbs recognized an 
epitope shared between eotaxin, MCP-3, and MCP-li* The 
properties of seven select mAbs are outlined in Table I. Two 
of the eotaxin-specific mAbs were noted for their ability to 
block the binding of 125 I-labeled eotaxin to human eosinophils, 
and/or the chemotaxis of eosinophils to eotaxin in transendo- 
thelial chemotaxis assays. Four of the mAbs were able tb rec- 
ognize an epitope of human eotaxin that is preserved in paraf- 
fin-embedded tissue specimens. * 

Immunohistochemical analysis was performed with a* rep- 
resentative mAb, 6H9, using human nasal mucosa and polyp 
tissue with pronounced submucosal eosinophil* infiltration. Eo- 
taxin staining was localized most strongly to overlying ciliated 
pseudostratified columnar epithelium (Fig. 7)/ Various leuko- 
cyte types also stained positively, including eosinophils,' Jym- 
phocytes, and macrophages (Fig. 7). Care was: taken to ensure 
the eosinophil staining was bona fide and not* due to eridoge- 



nous peroxidase. No immunoreactivity to any cell type was 
recognized in the same tissue using an irrelevant IgGl mAb. 
There was a strong correlation between eosinophil infiltration 
within the mucosa and submucosa of the polyp and eotaxin ex- 
pression to resident cells and leukocytes. Specifically, in areas 
of eosinophil localization in polyp tissue, there was an increase 
in the number of antieotaxin immunoreactive macrophages, 
endothelial cells, fibroblasts, smooth muscle cells, lymphoid 
cells, epithelial cells, and eosinophils, when compared to unin- 
volved nasal mucosa. In addition, there was a concomitant in- 
crease in staining intensity of immunoreactive cells in the 
polyp tissue compared to adjacent uninvolved nasal mucosa. 

Discussion 

Here we identify a novel human chemokine that is selectively 
chemotactic for eosinophils. Based on sequence similarity and 
function, this chemokine can be considered a human equiva- 
lent of guinea pig and murine eotaxin. A hallmark of guinea 
pig eotaxin is its high degree of specificity for eosinophils, 
which sets it apart from the other eosinophil chemoattractants 
such as C5a, PAF, RANTES, and MCP-5, which are chemo- 
tactic for other leukocyte types. Human eotaxin was highly se- 
lective for eosinophils, although at very high doses it was 
chemotactic for a very small number of monocytes, possibly 
due to low affinity binding to a monocyte CC chemokine re- 
ceptor. Human eotaxin was usually as effective as RANTES or 
MCP-3 as an eosinophil chemoattractant, although we did ob- 
serve donor to donor variation in the relative response to eo- 
taxin, RANTES, and MCP-3. The nature of an individual's 
eosinophils, such as activation status or exposure to IL-5, may 
affect the responses of eosinophils to different chemokines. 

Studies with a single rhesus monkey showed that human 
eotaxin was also effective at recruiting eosinophils to chal- 
lenged skin sites. A study in guinea pigs showed that eotaxin 
induced substantial eosinophil accumulation in the skin at a 
1-2 pmol (24), which is a much lower dose than what we found 
to be optimal in our study. The recruitment of eosinophils to 
tissues may relate not only to the presence of chemokine 
within the tissue, but also other factors such as the relative 
numbers of eosinophils within the blood. IL-5 has been found 
to synergize with eotaxin in the recruitment of guinea pig eosin- 
ophils to challenged sites; the IL-5 functioned in the mobiliza- 
tion of eosinophils from the bone marrow to the blood, and the 
eotaxin acted locally for the recruitment of eosinophils (44). 
IL-5 is an eosinophil differentiation and activating factor (15) 
and has been found to affect responsiveness of eosinophils to 
IL-8 (45). RANTES injections into the skin of a rhesus mon- 
key led to the recruitment of both eosinophils and mononu- 
clear cells to the challenged sites, similar to a previous report 
using dogs (41) and consistent with the in vitro chemotactic 
profile of RANTES in humans. 

The existence of an eosinophil-specific chemokine may ex- 
plain the highly selective accumulation of eosinophils in some 
inflammatory sites. This may have important implications, 
since excessive recruitment of eosinophils to mucosal tissues 
may contribute to the pathogenesis of asthma and other hu- 
man diseases (16, 46). Northern blot analysis as well as immu- 
nohistochemistry confirmed previous studies in guinea pig that 
eotaxin in humans is expressed constitutively in some tissues 
(25, 26). Our Northern blot analysis correlates well with that 
reported for guinea pig eotaxin with the exception of lung 
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Figure 7. Photomicrographs of human nasal polyp (A and C) and adjacent nasal mucosa (B and D). The polyp (A) is characterized by extensive 
submucosal infiltration by eosinophils (arrowheads) and attenuation of the overlying respiratory epithelium. Immunoperoxidase staining of step 
sections of the polyp (C) with antieotaxin mAb 6H9 revealed intense immunoreactivity to epithelium, endothelium lining venules (v), eosino- 
phils (arrows), mononuclear cells (arrowheads), and spindle cells. In contrast, the adjacent respiratory tissue is characterized by normal pseudo- 
stratified columnar epithelium and no eosinophil infiltration (B), and immunostaining for eotaxin shows only light constitutive immunoreactivity 
to epithelium and submucosal mesenchymal cells (D). (A and B) Hematoxylin and eosin, Xl,450; (C and D) ABC-peroxidase technique with 
Mayer's hematoxylin, XI ,450. 



where it appears to be expressed more abundantly in guinea 
pig. A striking similarity between guinea pig and human was 
the presence of eotaxin message in the heart, but not in skele- 
tal muscle. The expression in heart may relate to the pathogen- 
esis of endomyocardial fibrosis, a condition which is common 
in patients with hypereosinophilic syndrome (47). A compre- 
hensive analysis of the expression of eotaxin by imrnunrhis- 
tochemistry was beyond the scope of this study. However an 
analysis of inflamed nasal mucosal tissue revealed intense 
staining of respiratory epithelium, endothelial cells, leuko- 
cytes, and fibroblasts. These cell types are well characterized 
for their ability to produce other chemokines,- such as MCP-1 
and MlP-lot (48-50). Of particular interest was the staining of 
eosinophils in mucosal tissue by antieotaxin mAbs. An auto- 
crine production of eosinophilic chemotactic cytokines, yield- 
ing an amplification loop for eosinophil entry to mucosal tis- 
sue, has been proposed as a possible contributing factor in 
asthma and other allergies (14). We cannot exclude, however, 
the possibility that this staining resulted from receptor-bound 
material. The preliminary analysis of eotaxin expression in na- 



sal polyp showed a correlation between eosinophil recruitment 
and upregulated expression of eotaxin, although more tissues 
will need to be assessed before a definitive statement can be 
made. Staining for other eosinophilic chemokines did not re- 
veal such a strong correlation (D J. Ringler, unpublished ob- 
servations), although the association between chemokine ex- 
pression and the presence of inflammatory cells is still poorly 
understood and the conditions that give rise to eosinophil re- 
cruitment to a tissue are likely to be multifactorial. 

The selective migration of eosinophils to eotaxin would 
suggest the existence of a receptor for eotaxin expressed only 
on eosinophils. The ligand binding experiments and [Ca 2+ ]i 
analysis indicated that the dominant eosinophil eotaxin recep- 
tor also binds RANTES and MCP-3. These three ligands are 
the most potent chemokines for inducing eosinophil chemo- 
taxis in vitro. Previous calcium desensitization studies (21, 22) 
implicated a RANTES/MCP-3 receptor on eosinophils that 
was distinct from CKR-1 (the MIP-la/RANTES receptor) 
identified by Neote et al. (27) and Gao et al. (28). Our [Ca* + ]i 
analysis showed that eotaxin could effectively desensitize eosin- 
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ophils to subsequent [Ca 2+ ]i responses to virtually all CC 
chemokines. This suggests that eotaxin is causing homoipgous 
desensitization of an eotaxin/MCP-3/RANTES receptor, and 
possibly cross-desensitization of other receptors. Cross-desen- 
sitization of chemoattractant receptors is well documented 
(51), and could result from a desensitization of the pathways 
leading to Ca 2+ mobilization, downstream from receptor/ 
G-protein interactions (51). Alternatively, eotaxin may bind 
and signal through more than one receptor, although we have 
found that eotaxin does not bind to CKR-1 (unpublished ob- 
servation). Our binding experiments support the existence of 
an "eotaxin/RANTES/MCP-3" receptor, although eotaxki ap- 
pears to have a much stronger binding affinity for this receptor 
than RANTES or MCP-3. Nevertheless the in vitro chemotac- 
tic response of eosinophils to RANTES and MCP-3 was usu- 
ally similar to that seen with eotaxin, suggesting that binding 
affinity does not correlate strictly with chemotactic activity. 
The number of binding sites for eotaxin on eosinophils (4.8 X 
10 4 receptors per cell) is much higher than the levels of expres- 
sion of CKR-1 or CKR-2 on monocytes (< 3,000 per cdJJ) (7, 
41, 52) but is similar to the levels of IL-8 receptors on neutro- 
phils (~ 6 x 10 4 sites per cell) (53). We haver cloned a iovel 
CC chemokine receptor from human eosinophils that mediates 
the binding and signaling of eotaxin, RANTES, and MCP-3 
(Ponath, P., et aL, manuscript submitted). This receptor is 72% 
identical to the CKR-1 and is very similar to an eosinophil re- 
stricted CC chemokine receptor reported recently by aifbther 
group (54). The selective binding of eotaxin to a receptbr on 
eosinophils, coupled with production of eotaxin by certain in- 
flammatory cells and epithelium, provides a mechanism for the 
selective recruitment of eosinophils to inflamed mucosal tissue. 

The relative contribution of eotaxin versus other chemoat- 
tractants in various eosinophil-related diseases will be & im- 
portant topic for further investigation. Eotaxin will be ^valu- 
able tool for exploring the molecular mechanisms for eosinophil 
traffic, and possibly for the discovery of eosinophil CC 
chemokine receptor antagonists for blocking eosinopl^il re- 
cruitment in diseases such as asthma. */ 
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Abstract 

Eosinophil accumulation is a distinctive feature of lung al- 
lergic inflammation. Here, we have used a mouse model of 
OVA (ovalbumin)-induced pulmonary eosinophilia to study 
the cellular and molecular mechanisms for this selective re- 
cruitment of eosinophils to the airways. In this model there 
was an early accumulation of infiltrating monocytes/mac- 
rophages in the lung during the OVA treatment, whereas 
the increase in infiltrating T-lymphocytes paralleled the ac- 
cumulation of eosinophils. The kinetics of accumulation of 
these three leukocyte subtypes correlated v^jjth the levels of 
mRNA expression of the chemokines monocyte chemotactic 
peptide- 1/JE, eotaxin, and RANTES (regulated upon acti- 
vation in normal T cells expressed and secreted), suggesting 
their involvement in the recruitment of these leukocytes. 
Furthermore, blockade of eotaxin with specific antibodies in 
vivo reduced the accumulation of eosinophils in the lung in 
response to OVA by half. Mature CD4 + T-lymphocytes 
were absolutely required for OVA-induced eosinophil accu- 
mulation since lung eosinophilia was prevented in CD4 + - 
deficient mice. However, these cells were neither the main 
producers of the major eosinophilic chemokines eotaxin, 
RANTES, or MlP-la, nor did they regulate the expression 
of these chemokines. Rather, the presence of CD4 + T cells 
was necessary for enhancement of VCAM-1 (vascular cell 
adhesion molecule- 1) expression in the lung during allergic 
inflammation induced by the OVA treatment. In support of 
this, mice genetically deficient for VCAM-1 and intercellu- 
lar adhesion molecule- 1 failed to develop pulmonary- eosi- 
nophilia. Selective eosinophilic recruitment during lung al- 
lergic inflammation results from a sequential accumulation 
of certain leukocyte types, particularly T cells, and relies on 
the presence of both eosinophilic chemoattractants and ad- 
hesion receptors. (/. Clin. Invest 1996. 98:2332-2345.) fCey 
words: lung eosinophilia • leukocytes • chemotactic cyto- 
kines • integrins • selectins 
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Introduction 

Lung eosinophilia is a fundamental trait of allergic asthma and 
infiltration of the airways by eosinophils appears to be central 
in the pathogenesis of this disease (1-3). The traffic of eosino- 
phils to the sites of allergic reactions is presumed to be regu- 
lated at three distinct levels: (a) adhesion receptors (selectins 
and integrins) that mediate transient or firm adhesion to in- 
flamed vascular endothelium; (b) activating factors (cytokines, 
chemokines, and chemoattractants) that induce expression of 
selectins and their ligands, and that activate eosinophil inte- 
grins and their endothelial counter-receptors, thus attracting 
this leukocyte subtype to the inflammatory site; and (c) leuko- 
cytes that are present at the inflammation site and which regu- 
late the expression and release of these activating factors (4-9). 
Despite the fact that most molecules or cells involved at any of 
these three regulation levels are not eosinophil specific, they 
can provide sufficient combinatorial diversity to allow selec- 
tive recruitment of eosinophils to the lung in vivo (6, 10). 

Eosinophils express several adhesion receptors such as pi 
and p2 integrins, E-selectin and P-selectin ligands (11), and 
L-selectin (11, 12). These surface molecules enable them to in- 
teract with the vascular endothelium. Eosinophil transendo- 
thelial migration in vitro can be partially inhibited by blocking 
the interactions of lymphocyte function-associated antigen 1 
(LFA-1) 1 and very late activation antigen 4 (VLA-4) with in- 
tercellular adhesion molecule 1 (ICAM-1), and vascular cell 
adhesion molecule 1 (VCAM-1) on endothelial cells, respec- 
tively (4, 5, 13, 14). Inhibition of this transmigration can be in- 
creased by blocking with an anti-E-selectin mAb (15). Recent 
in vivo experiments document that antigen-induced eosinophil 
infiltration of the mouse trachea is prevented by blocking 
VCAM-l-VLA-4, but not ICAM-l-LFA-1 interactions (16). 
In contrast, the in vivo administration of an anti-ICAM-1 
mAb leads to decreased eosinophil infiltration and attenuated 
airway hyperreactivity in a primate model of chronic airway in- 
flammation (17). 

Chemoattractants, such as platelet activating factor and 
leukotriene B4, and several human chemokines, including 
monocyte chemotactic peptide 3 (MCP-3), macrophage in- 



1. Abbreviations used in this paper: BAL, bronchoalveolar lavage; 
ICAM-1, intercellular adhesion molecule-1; LFA-1, lymphocyte func- 
tion-associated antigen 1; MCP, monocyte chemotactic peptide; MIP, 
macrophage inflammatory protein; OVA, ovalbumin; RANTES, reg- 
ulated upon activation in normal T cells expressed and secreted; 
VCAM-1, vascular cell adhesion molecule-1; VLA-4, very late activa- 
tion antigen 4; wt, wild-type. 
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flammatory protein la (MIP-la), and regulated upon activa- 
tion in normal T cells expressed and secreted (RANTES) have 
been reported to elicit significant migration of eosinophils (11, 
18, 19). Recently, eotaxin, a chemokine that is highly efficient 
in inducing migration of eosinophils, has been identified and 
extensively studied in guinea pigs (20, 21), mice (22, 23), and 
humans (24). 

Pathological processes that result in lung eosinophilia may 
involve antigen-induced T cell activation through macrophages 
or other antigen presenting cells, T cell cytokine release, spe- 
cific sensitization of mast cells, and release of activating media- 
tors by macrophages (8). Macrophages are able to amplify the 
inflammatory response and to increase eosinophil prolifera- 
tion and survival by virtue of their potential to^jenerate a* vari- 
ety of proinflammatory mediators and cytokines (25-28). 

There is a strong correlation between the level of cytokines 
released by activated T cells and the degree of eosinophil- 
mediated tissue damage in the lung (29, 30). Eosinophils and 
lymphocytes tend to appear in certain types of inflammatory 
lesions in the absence of a marked neutrophilic infiltration 
(31, 32). Indeed, the accumulation of eosinophils at sites of al- 
lergic reactions has been directly correlatedjwith the produc- 
tion of T cell cytokines such as IL-5, IL-3, and GM-CSF, which 
are known to stimulate eosinophil maturation, activation, and 
survival (33-36) and IL-4, which enhances the endothelial ex- 
pression of VCAM-1 (37-40). VCAM-1 upregulation may 
augment the migration of eosinophils but not of neutrophils, 
which lack VLA-4 (14). 

Selective activation of adhesion molecules' on eosinophils 
and endothelial cells by leukocyte cytokines (IL-4, 
TNF-ct) (15, 39, 41) and production of eosinophilic chemo- 
kines (RANTES, eotaxin) by different cell types (23, 42) oould 
promote eosinophil migration and their subsequent accumula- 
tion in the tissue. Cooperation between these groups of media- 
tors has been demonstrated during in vivo recruitment of eosi- 
nophils (43). 

The molecular cloning and functional characterization of 
the leukocyte integrins, their endothelial Ig gene superfamily 
ligands, and of selectins has made it possible to construct mu- 
tant mice to address the roles of these moieties in different 
pathological situations in vivo (44, 45). This, together with the 
identification and cloning of specific chemokines, facilitates 
the determination of the molecular and cellular basis of migra- 
tion of different leukocytes and its regulation during inflam- 
mation. Here, using a mouse model of lung eosinophilia in 
vivo based on the repeated exposure of mice to aerosolized 
ovalbumin (OVA) (23), we analyze (a) the kinetics of accumu- 
lation in the lung of several leukocyte subtypes during the 
OVA treatment; (b) the correlation between the accumulation 
of specific leukocyte subtypes and the expression of several 
chemokines (RANTES, eotaxin, MCP-l/JE, MlP-la, and TCA-3) 
in eosinophilic lungs; (c) the effects of the blockade of eotaxin 
in vivo on the kinetics of accumulation of eosinophils; (d) the 
specific role of B-, CD4 + - and CD8 + -T-lymphocytes during 
lung eosinophilia by studying the response to the OVA treat- 
ment in mice lacking these leukocyte subtypes; (e) changes in 
the expression of these chemokines and adhesion receptors in 
the absence of these lymphocyte subtypes during lung eosino- 
philia in vivo; and (/) the contribution of the individual adhe- 
sion receptors ICAM-1, VCAM-1, P-selectin, and L-selectin to 
the eosinophil accumulation in this model by using mice that 
have been made genetically deficient in these molecules. 



Methods 

Mice and in vivo procedures. 8-10-wk-old male and female C57BIV 
6J, RAG-1, and P-selectin-deficient mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME) and kept in the Center for 
Blood Research Specific Pathogen Free mouse facility. CD4- and 
CD8-deficient mice (46, 47) were provided by Dr. Tak W. Mak (AM- 
GEN Institute, Toronto, Canada), and CD3e transgenic mice (48) 
were kindly provided by Dr. C Terhorst (Beth Israel Hospital, Bos- 
ton, MA). L-selectin-deficient mice were generated and provided by 
Dr. M. Siegelman. Since VCAM-l-null mutant mice are embryonic 
lethal (49), VCAM-l-hypomorphic mutant mice were used for these 
studies (50). These mutant mice were generated by a targeted dele- 
tion in domain 4 of the VCAM-1 molecule (which eliminates the 
main a4 integrin binding site). The mRNA level of the truncated 
VCAM-1 molecule in the hypomorphic mutants used here is 95% re- 
duced compared to wild type (wt) levels (50 and not shown). Also, 
the affinity of the remaining truncated VCAM-1 to a4 integrins is 
presumably greatly diminished as shown previously in vitro (51). 
ICAM-l-deficient mice were previously generated by us (52). Mice 
designated as wt in the results section are littermates of these mutants 
that have a mixed genetic background 129sv X C57BL/6J. Pulmonary 
eosinophilia in response to OVA (Sigma Chemical Co., St. Louis, 
MO) was generated in these groups of mice as described (23). The 
murine model of lung eosinophilia used here consists of an initial 
phase of sensitization and a second phase of induction of the re- 
sponse. Thus, mice were sensitized with intraperitoneal OVA (0.1 
mg/mouse) on day 1 followed by exposure to aerosolized antigen (2% 
OVA for 5 min on day 8 and 1% OVA for 20 min on days 15-21) to 
induce the response. At different times after allergen challenge, ani- 
mals were killed by barbiturate overdose and analyzed. PBS (intra- 
peritoneal and aerosolized) was administered to mice as a negative 
control. The following number of mice of the indicated strains were 
used per time point in three individual experiments: 10, 4, and 4 
C57BL/6J mice per time point for experiments shown in Figs. 1, 4 A, 
and 6, respectively; 4 RAG-1, CD4 and CD8-deficient mice, and 4 
CD3e transgenic mice per time point for experiments shown in Fig. 4 
A; 4 ICAM-1, VCAM-1, and P-selectin-mutant mice and 3 L-selec- 
tin-mutant mice per time point for experiments shown in Fig. 6. In 
one series of blocking experiments, mice were injected with neutraliz- 
ing polyclonal Abs against murine eotaxin (20 ^g/mouse, i.v.) 30 min 
before OVA administration on days 20 and 21 and then analyzed 3 h 
after allergen challenge on day 21. OVA-treated control mice were 
injected with the same amount of control Ab (rabbit immunoglobulin 
fraction; Dako Corp., Santa Barbara, CA) at the same time points in- 
dicated during treatment. No endotoxin contamination was detected 
in all reagents used, as assessed by LAL assay (BioWhittaker, Walk- 
ersville, MD). 

Bronchoalveolar lavage (BAL) was essentially performed as de- 
scribed (23). Briefly, at the different time points indicated after the 
last aerosol exposure, the airways of the mice were lavaged via a tra- 
cheal cannula with 1 ml of PBS. The resulting BAL fluid was immedi- 
ately centrifugated (700 g, 5 min, 4°C) and BAL cells were then 
washed twice and resuspended in 1 ml of PBS. 

Immunohistochemical phenotyping and quantitation of leukocytes. 
The number and type of leukocytes were determined in lung sections 
and BAL fluid. Excised lungs from OVA-treated mice were obtained 
at the indicated time points, fixed in 10% formalin, embedded in par- 
affin (Tissue-Tek, Miles Inc., Somerset, MA), and sectioned at 5 jim 
on a microtome (Reichert-Jung, Vienna). To determine the number 
of eosinophils, a sensitive method dependent on the presence of a cy- 
anide-resistant endogenous peroxidase was used (23). 

To determine the number of lymphocytes, macrophages, and neu- 
trophils and to analyze the expression of ICAM-1 and VCAM-1 pro- 
tein, remaining portions of the excised lungs were rolled in Tissue 
Tek OCT compound (Cryoform, IEC, Needham Heights, MA), snap 
frozen in liquid nitrogen and stored at — 70°C. Cryosections (4 (xm) 
were cut onto microscope slides, dried for 2 h, and fixed for 20 min in 
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acetone at 4°C. Fixed sections were stained with mAb directed 
against Thy 1.2 (53-2.1), Mac-1 (Ml/70), GR.l (RB6-8C5), and IgM 
(11/41) from PharMingen (San Diego, CA) and ICAM-1 (YN1/1.7.4) 
and VCAM-1 (mK2.2) kindly provided by Drs. Springer and Lobb, 
respectively, using an avidin/biotin staining method. All incubations 
were carried out under humidified conditions and slides were washed 
between steps (twice for 5 min each in 0.1 M phosphate buffered sa- 
line, pH 7.4). Sections were overlaid with 20% fetal calf serum in PBS 
for 15 min and incubated for 1 h at room temperature with the mAbs 
described above. Bound ab was visualized by incubation with biotiny- 
lated sheep anti-rat immunoglobulin (Dako Corp.) and then with 
streptavidin peroxidase complex (Dako Corp.) both diluted in 1% 
normal mouse serum/PBS (NMS/PBS), and incubated for 30 min. Fi- 
nally slides were flooded with peroxidase substrate solution (400 mg 
diaminobenzidine in 10 ml of PBS, containing 0.01% hydrogen per- 
oxide) for 10 min. Control sections were included where mAb, bioti- 
nylated anti-rat immunoglobulin or streptavidin complex were selec- 
tively omitted. 

Number of leukocyte subtypes was determined in foui£- high 
power fields (at a magnification of 40; total area 0.5* mm 2 ) per Section 
(duplicate sections per mouse and time point were* examined). These 
high power fields were selected randomly under a low power of mag- 
nification (X4) at which leukocyte subtypes were not visible an4 com- 
pared with the number of leukocytes present in control mice. * 

To determine the number and type of leukocytes in the'BAL 
fluid, samples were applied to glass slides by cytocentrifugation (5 X 10 s 
cellsVslide), air dried for 10 min and then immersed in Wright-Giemsa 
stain (Fisher Diagnostics, Pittsburgh, PA), rinsefl wj|h distilled water, 
air dried, and mounted. Percentage of eosinophilsTlymphocytes, neu- 
trophils, and macrophages was determined by counting their number 
in eight high power fields (at a magnification of 40; total area 0.5 
mm 2 ) per area selected by the same criteria as above and dividing this 
number by the total number of cells per high power field. To obtain 
the absolute number of each leukocyte subtype in the lavage, these 
percentages were multiplied by the total number of cells recovered 
from the B AL fluid. 

Measurement ofmRNA expression by Northern blots. Total RNA 
from eosinophilic lungs of OVA-sensitized wt mice (1, 3, and 6 h after 
treatment on days 15, 18, and 21) and from lungs of OVA-treated 
mutant mice (3 h after challenge on days 15, 18, and 21) was isolated 
using the guanidinium thiocyanate/acid phenol procedure (53). RNA 
from lungs of PBS-treated mice at the same time points was used as a 
control. Northern blots (54) were performed with 20 jtg of total RNA 
indicated above, fractionated in a 1.5% agarose/formaldehyde gel, 
and blotted onto a nylon membrane (Genescreen; DuPont, Willming- 
ton, DE). Membranes were probed using ""P-Iabeled mouse probes 
for eotaxin (23), RANTES (55), MCP-l/JE (56), MlP-la (57), and 
TCA-3 (58) applied in 50% formamide hybridization solution at 42°C 
for 18 h. Blots were washed in 2 x SSC/1% SDS at 45°C and exposed 
at -70°C on Kodak XAR5 film. 

Anti-eotaxin antibody generation. Polyclonal Abs against murine 
eotaxin were prepared according to standard methods (59). Briefly, 
100 ng of purified recombinant eotaxin (23) were inoculated into rab- 
bits together with complete Freund's adjuvant and challenged "at dif- 
ferent time points after immunization. Ab titers were determined in 
an ELISA using recombinant meotaxin as immobilized antigen.' Rab- 
bit serum was first depleted of antihuman IgG Abs by passage over a 
human IgG column and anti-meotaxin Abs were purified from the 
flow through on a meotaxin affinity column. Bound Ab were eluted 
with 0.1 mol/liter acetic acid/0.12 mol/liter NaCl (pH, 3.0), immedi- 
ately neutralized with 1 mol/liter Tris (pH, 8:8), dialyzed against three 
changes of PBS, and stored at -70°C in 10% glycerol/PBS. 

For production of mAbs against eotaxin 10-wk-old Wistar rats 
were immunized in the hind footpad with KLH-coupIed recombinant 
eotaxin using a standard protocol used by us previously (60). 8 d after 
immunization popliteal lymph nodes were removed and fused with 
the murine plasmacytoma P3X63Ag8.653 (60). 12 d after- fusion, 
supernatants from growing wells were screened by ELISA for the 
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presence of anti-eotaxin Abs. Positive supernatants were studied in 
Western blot analysis against eotaxin produced by transfected cells. 
Positive hybridomas were stabilized by limiting dilution using BALB/c 
mouse thymocytes as a feeder layer until stable Ab production was 
achieved. 

Affinity purified rabbit polyclonal Abs and rat mAbs were shown 
to recognize a specific band in a Western blot against eotaxin-con- 
taining supernatant but not against the supernatant of mock-trans- 
fected cells (data not shown). 

Determination of eotaxin protein expression within lung tissue. 
The level of expression of eotaxin protein was determined in sections 
from lungs of OVA-treated mice and controls. Sections were pre- 
pared as detailed above and staining was accomplished using a modi- 
fied avidin/biotin staining method. All incubations were carried out 
under humidified conditions and slides were washed twice between 
steps for 5 min each in 0.1 M PBS supplemented with 0.2% gelatin 
(PBSG). Sections were overlaid with 20% normal rabbit serum in 
PBS for 15 min and then incubated overnight at 4°C with monoclonal 
anti-eotaxin diluted 1:2 in PBS with 0.1% BSA and 0.1% sodium 
azide. Endogenous peroxide was subsequently blocked by incubation 
for 20 min in methanol containing 0.3% hydrogen peroxide. Non-spe- 
cific staining due to cross reaction with endogenous avidin or biotin 
was blocked by incubation with avidin solution followed by biotin so- 
lution, both for 20 min. Bound monoclonal Ab was visualized by in- 
cubation with biotinylated rabbit anti-rat immunoglobulin diluted in 
10% normal mouse serum PBS, and then streptavidin peroxidase 
complex prepared according to manufacturer's instructions (both 
from Dako Corp.), and incubated for 1 h each. Finally, slides were 
flooded with peroxidase substrate solution (20 mg diaminobenzidine 
in 10 ml PBS, containing 0.01% hydrogen peroxide) for 10 min before 
counter staining with hematoxylin. Control slides were either stained 
with an irrelevant Ab (anti-TR5) (61) or biotinylated anti-rat immu- 
noglobulin or streptavidin complex were selectively omitted. 

Results 

Characterization of leukocyte accumulation in the mouse lung 
in response to OVA. To characterize leukocyte types recruited 
to lung airways and parenchyma after antigen challenge, as 
well as their time of arrival to this organ, preimmunized mice 
(day 1) were challenged with repeated aerosolized exposure to 
OVA (days 8 and 15-21). At different time points (0, 1, 3, 6, 
and 12 h) after exposure to OVA on days 15, 18, and 21 of 
treatment, leukocytes present in the BAL fluid and in the lung 
parenchyma were ennumerated (Fig. 1). Analysis of the pul- 
monary infiltration at these two levels (in the airways by BAL 
or in the parenchyma by counting leukocytes in the tissue) 
demonstrated a marked increase in the total number of leuko- 
cytes present in this tissue. We have previously characterized 
the kinetics of lung eosinophil accumulation in this model (23). 
Briefly, a progressive increase in the number of eosinophils is 
detected in lung tissue and BAL, reaching a maximum level at 
day 21 of treatment. Each day after OVA administration there 
is a transient increase in BAL and tissue eosinophils which is 
maximal at 3 h. Kinetics of eosinophil infiltration are shown in 
the bottom of Fig. 1 for comparison with the other leukocyte 
subtypes. Lymphocyte accumulation in BAL and lung tissue 
follows a similar profile to that of eosinophils, in that within 
6-12 h after OVA challenge on day 15, we detected a fivefold 
increase in the number of T-lymphocytes in lung tissue (Fig. 1). 
On days 18 and 21 of OVA treatment, a progressive increase 
in tissue infiltrating T-lymphocytes was evident. This increase 
peaks at 3 h at both time points and constitutes 20- and 25-fold 
for T-lymphocytes on days 18 and 21, respectively, and is 
readily detectable within 1 h after the OVA inhalation. The 




day 15 day 18 day 21 

Figure 1. Pulmonary accumulation of lymphocytes and monocytes/ 
macrophages in response to OVA treatment. Lymphocyte and mac- 
rophage infiltration in lung sections (dots) and B AL fluid (bars) are 
shown on days 15, 18, and 21 of OVA treatment at the different time 
points indicated. The treatment is described in detail in the Methods 
section. Solid circles and open circles represent the numbers of the in- 
dicated cell types counted in lung sections of experimental and con- 
trol mice, respectively. The kinetics of eosinophil accumulation at the 
same time points is shown for comparison in the figure. Error bars in- 
dicate the standard deviation of the average of each cell type counted 
in four high power fields per lung in 3 individual experiments with 10 
OVA-treated mice per time point and experiment. Total number of 
eosinophils, lymphocytes, and monocytes/macrophages in the BAL 
fluid was calculated as the product of the total cellularity of the BAL 
and the percentage of each cell type. Each value was corrected for 
background by subtracting values of control mice from OVA-treated 
littermates. •* 



number of lymphocytes present in the BAL fluid also in- 
creases during the course of this treatment and .becomes maxi- 
mal 3 h after OVA administration on day 21 (15-fold increase; 
Fig. 1). It should be noted that 12 h after OVA administration, 
the number of total lymphocytes in BAL fluid decreases; to al- 
most basal levels while tissue infiltrates (perivascular and peri- 
bronchiolar) remain well above basal levels in the lung (as was 
observed for eosinophils). 

The kinetics of macrophage accumulation in the lung dur- 
ing the response to OVA is inverse to that described above for 
eosinophils and lymphocytes. Macrophage accumulation,peaks 
3 h after OVA administration on day 15 by 3-4-fold in lung tis- 
sue and by 50-fold in BAL fluid (Fig. 1). Increased numbers of 
macrophages were also observed in both lung tissue and BAL 
fluid on days 18 and 21 although to a lesser degree than on day 
15. At all time points examined the number of infiltrating mac- 
rophages decreases almost to basal levels by 12 h after last 
OVA administration. 



No significant and persistant increase in neutrophil, B-lym- 
phocyte, and mast cell numbers was detected during the course 
of this treatment when OVA and control mice were compared 
(data not shown). 

Chemokine expression during the development of OVA- 
induced lung eosinophilia. Since chemokines are important 
inflammatory mediators involved in the recruitment and acti- 
vation of leukocytes at sites of inflammation, we tried to corre- 
late OVA-induced eosinophil, T-lymphocyte, and macrophage 
accumulation with the expression of chemokines specific for 
these cell subtypes. We assessed the expression of mRNA for 
murine RANTES (CD4 + T cell and eosinophil chemoattrac- 
tant) (62), MCP-l/JE, (macrophage chemoattractant) (63), 
MlP-la (monocyte and eosinophil chemoattractant) (64, 65), 
TCA-3 (neutrophil and monocyte chemoattractant) (66), and 
eotaxin (eosinophil chemoattractant) (23) during lung eosino- 
philia. Northern blots of total RNA isolated from lungs of 
OVA-treated mice on days 15, 18, and 21 (1, 3, and 6 h after 
OVA inhalation) revealed a comparable pattern of RANTES 
and eotaxin mRNA expression (Fig. 2 A). Induction of MCP- 
l/JE mRNA in response to OVA challenge was maximal at 3 h 
after OVA-administration on day 15 of treatment On the 
same day, 6 h after antigen challenge significant MCP-l/JE 
mRNA expression was still detectable. On days 18 and 21, 
Northern blot analyses revealed a transient increase in MCP-1/ 
JE mRNA expression detected 3 h after OVA administration 
(Fig. 2 A). The mRNA expression of TCA-3 was virtually un- 
detectable during the course of this treatment and there was 
no discernible increase at any time point after OVA challenge 
(Fig. 2 A). Finally, the pattern of mRNA expression for 
MlP-la was not distinguishable from that described above for 
RANTES or eotaxin (Fig. 2 A). 

Among the chemokines examined above, eotaxin is the 
most selective regarding the chemoattraction of eosinophils 
(20, 67). In addition, its transcription profile correlates well 
with the accumulation of eosinophils in vivo. To determine the 
predominant cell type(s) producing eotaxin in this model and 
the relevance of eotaxin expression in the accumulation of 
eosinophils in vivo, we generated Abs against eotaxin. The 



Table L Properties of a Panel of Anti-meotaxin mAbs 



mAb 


ELISA 


Western blot 


Staining 
lung sections* 


Neutralizing 
activity* 


mEOT-1 


+ 


+ + 


+ + 


ND 


mEOT-2 


+ 


+ + 


+ + 


ND 


mEOT-3 


+ 


+ 




ND 


mEOT-4 


+ 






ND 


mEOT-5 


+ 


+ "+ 


+ + 


ND 


mEOT-6 


+ 


+ + 


+ + 


ND 


mEOT-7 


+ 




+ + 


ND 


mEOT-8 


+ 


+ 




ND 


mEOT-9 


+ 






ND 


polyEOT 


+ 


+ + 


ND 


+ 



♦Immunohistochemical staining was performed as described in Methods 
using lungs from OVA-treated mice. * Neutralizing activity of the anti- 
eotaxin polyclonal antibody was assessed previously in vitro by transmi- 
gration experiments (97% blocking). (++ and +) Strong and weak re- 
activity in Western blots and immunohistochemistry. (— ) No staining. 
(ND) Not determined. 
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Figure 2. Chemokine expression during lung eosinophilia. (.4) Expres- 
sion of eotaxin, RANTES, MlP-la, MCP-l/JE, and TCA-3 mRNAs in 
the lung during OVA treatment. On days 15, 18, and 21, total RNA 
from lungs of OVA-treated mice was extracted 1, 3, and 6 h after anti- 
gen administration. In a control group, mice were treated with aero- 
solized PBS instead of OVA. Eotaxin, RANTES, MCP-l/JE, MlP-la, 
and TCA-3 mRNA induction was determined by Northern blot. 
Chemokine expression of one representative mouse out of four is 
showed. Lower panel shows a control hybridization of the blot with a 
p-actin probe. (B) Immunohistochemical staining of lung sections 
from OVA-treated mice on day 21, 3 h after OVA inhalation (/, //, 
and IV) and a PBS control (7/7). Sections were stained with anti- 
eotaxin mAb (mEOT-1) (see Methods) (//, ///, and IV) or a negative 
control isotype matched mAb (I). Note that positive staining, seen as a 
brown precipitate, is not detected in infiltrating cells (arrowheads) but 
is observed in resident lung cells, in particular the alveolar endothe- 
lium (arrows). Xl,000. 
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properties of nine selected mAbs and one polyclonal Ab are 
outlined in Table I. All these Abs were determined to be spe- 
cific for eotaxin by ELISA. Five of the eotaxin specific mAbs 
showed strong reactivity in Western blots and were able to rec- 
ognize an epitope of mouse eotaxin that is preserved in frozen 
sections of lung. The anti-eotaxin polyclonal Ab was noted for 



its ability to block the in vitro transmigration of eosinophil to 
eotaxin by 97% (Table I and data not shown). Neutralizing 
properties of mAbs are currently being investigated. Immuno- 
histochemical analysis of eotaxin protein expression in sections 
of eosinophilic lungs from OVA-treated mice was performed. 
Our results show that most of the eotaxin protein expressed 
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Figure 3. In vitro blockade of eotaxin with specific neutralizing Abs 
during OVA-induced eosinophilic 30 min before antigen challenge 
on the last two days of OVA treatment, mice were injected with neu- 
tralizing Abs against eotaxin as described in the Methods section. 
OVA-treated control mice were injected with control Ab at the same 
time points indicated. BAL fluid was obtained 3 h after OVA treat- 
ment on day 21 and number of eosinophils was determined. Each cir- 
cle represents a single control mouse (open circle) or a single test 
mouse (closed circle) analyzed. Bars represent the *iean of each 
group. Significant difference between groups was determined uftng 
the Student's Mest (*P < 0.001). .» 



can be attributed to resident lung cells (Fig.*2£). In particular, 
increased expression was observed in alveolar epithelial cells 
after OVA treatment confirming our previous data obtained 
by in situ hybridization (23). Few, if any, of the leukocytes that 
constitute perivascular infiltrates (mainly eosinophils and lym- 
phocytes) showed positive staining at late stages of OVA- 
induced eosinophilia (Fig. 2B). - 

To determine the particular contribution of eotaxin to the 
development of OVA-induced lung eosinophilia, blocking 
experiments in vivo with anti-eotaxin polyclonal Abs were 
performed. Intravenous administration of anti-eotaxin Abs re- 
sulted in a 56% reduction of eosinophils in BAL when com- 
pared with OVA-treated control mice (Fig. 3). 

Role of lymphocytes in pulmonary eosinophilia: response of 
mice with selective immunodeficiencies to OVA. In the light 
of the distinct kinetics of lymphocyte and macrophage accu- 
mulation in this model and, particularly of the parallel kinetics 
of eosinophil and lymphocyte accumulation, we evaluated the 
contribution of these cell types to the induction of eosinophilia 
in vivo. To dissect the specific role that different lymphpcyte 
subtypes may play in the accumulation of eosinophils in this 
model, we studied the response of RAG-l-deficient mice (T 
and B cell-deficient) (68) and CD3e transgenic mice (T and 
NK cell^deficient)(48), as well as mice lacking either CD4 + or 
CD8 + T-lymphocytes (46, 47) to the OVA treatment. 3 h after 
OVA challenge on day 21, BAL fluid from these immunodefi- 



cient mice was obtained and leukocyte subtypes were enumer- 
ated. Fig. 4 A shows that there is almost a complete reduction 
in the number of infiltrating eosinophils recovered from the 
BAL fluid of OVA-treated RAG-l-deficient mice and CD3e 
transgenic mice when compared with OVA-treated wt litter- 
mates. We observed a small but detectable population of lym- 
phocytes (1/20 of that found in wt mice) in the BAL fluid of 
CD3e transgenic mice at the same time point analyzed (Fig. 4 
A). To further investigate whether CD4 + and/or CD8 + T-lym- 
phocytes are both required for the induction of eosinophilia in 
this model, mice lacking either CD4 + or CD8 + T-lymphocytes 
were also examined (Fig. 4 A). We observed a comparable re- 
duction of eosinophils in the BAL of CD4-deficient mice to 
that found in RAG-l-deficient mice or CD3e transgenic mice. 
In contrast, CD8-deficient mice subjected to the same treat- 
ment showed no significant changes in BAL eosinophilia when 
compared to OVA-treated wt littermates (Fig. 4 A). In addi- 
tion, a similar degree of lymphocyte infiltration was found in 
wt and CD8-deficient mice (Fig. 4 A) suggesting that a signifi- 
cant fraction of the infiltrating lymphocytes belong to the 
CD4 + lineage (~70%, as shown by the numbers of lympho- 
cytes in CD4-deficient mice, Fig. 4 A). The number of mac- 
rophages (Fig. 4 A) and neutrophils (data not shown) recov- 
ered from the BAL fluid of these mutant mice remained 
comparable to their corresponding wt littermates at this time 
point of the OVA treatment. Similarly, maximal macrophage 
accumulation occurred on day 15 in both groups of mice (data 
not shown). 

To exclude the chance that cells might have migrated into 
the interstitium but not progressed into the airways in the ab- 
sence of CD4 + T cells, lung sections from OVA-treated RAG-1, 
and CD4-deficient mice (3 h after OVA challenge on day 21) 
were prepared and the number of eosinophils in the paren- 
chyma was counted. No eosinophil infiltration was detected in 
the lungs of these mutant mice when compared with wt or 
CD8-mutant mice (data not shown and Figs. 4 C, and 5). 

To rule out the possibility that pulmonary eosinophil accu- 
mulation in response to OVA was delayed rather than abro- 
gated in RAG-1 and CD4-deficient mice, BAL fluid obtained 
7 h after OVA administration on day 21 was analyzed. As was 
detected at the 3 h time point, no eosinophil infiltration was 
seen at this later time point in these mutants (data not shown). 
Wt and CD8-mutant mice showed similar numbers of infiltrat- 
ing eosinophils at this time point (data not shown). To exclude 
the possibility that prevention of lung eosinophilia after expo- 
sure to OVA in these mutant mice was due to impaired bone 
marrow eosinophil differentiation resulting from an intrinsic 
lack of IL-5-producing CD4 + T cells, IL-5 was intravenously 
administered and 1 h later, numbers of eosinophil recovered 
from the blood of the different IL-5-treated mutant mice were 
determined. No differences were detected in the number of 
circulating eosinophils shortly after IL-5 injection in mutant 
mice that did not develop OVA-induced BAL eosinophilia 
(i.e., CD4 or RAG-l-mutant mice) when compared with those 
found in wt and CD8-deficient mice (data not shown). To ex- 
clude the possibility that functional differentiation of eosino- 
phils was affected in CD4-deficient mice, IL-5 was adminis- 
tered both intravenously and intraperitoneally daily over 1 wk. 
2 h after the final IL-5 injection, eosinophil accumulation into 
the peritoneum of these treated CD4-deficient mice was evalu- 
ated. Peritoneal eosinophilia was not impaired in these mutant 
mice when compared with wt littermates (data not shown). 
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Figure 4. Role of lympho- 
cyte subsets in lung eosino- 
philia and its correlation with 
chemokine mRNA expres- 
sion. (A) OVA-induced leu- 
kocyte accumulation in the 
BAL fluid of lymphocyte- 
deficient mice. BAL fluid 
from CD3e transgenic mice 
and from RAG-1, CD4-, or 
CD8-deficient mice was ob- 
tained 3 h after OVA admin- 
istration on day 21 of OVA 
treatment. Numbers of {left) 
eosinophils, (middle) lym- 
phocytes, and (right) mac- 
rophages were calculated as 
the product of the total cellu- 
larity of the BAL and the 
percentage of each cell 
type. Data represent the 
mean±SEM for three repre- 
sentative experiments with 
four mice in each group . 
(n = 12), Numbers of infil- 
trating eosinophils, lympho- 
cytes, and macrophages in 
the BAL fluid of two differ- 
ent control groups of mice 
(control group 1 "PBS": 
PBS-treated C57BL/6J or wt 
129sv/C57BL/6J mice; con- 
trol group 2 M +/+": OVA- 
treated wt 129sv/C57BL/6J 
mice) on day 21 is also 
shown. (B) Expression of the 
eosinophilic chemokines eo- 
taxin, RANTES, and 
MlP-la mRNAs in the lung 
of lymphocyte-deficient mice 
during OVA treatment. 
Northern blot analysis was 
performed using total RNA 
(20 M-g) extracted from lungs 
of RAG-1, CD4-, and CD8- 
deficient mice, 3 h after 
OVA administration on days 
15, 18, and 21. Total RNA 
from the lungs of O VA- 
treated wt mice at the same 
time points was used as a 
control. Expression of two 
representative wt mice out of 
five at each time point, two 
out of five immunodeficient 
mice on days 15 and 18, and 
. # three out of five immunode- 

ficient mice on day 21 of treatment, is shown. Expression of 0-actin was used to determine the quality and quantity of the RNA. (C) Expression 
of eotaxin protein in CD4— /— mice after OVA administration'.' Jmmunohistochemical staining was performed in frozen sections from OVA 
treated CD4-/- mice (If) or OVA-treated wt littermates (/) with anti-eotaxin mAb (mEOT-1). Eotaxin is clearly expressed within alveolar 
macrophages and alveolar epithelial cells in CD4-/— mice, although no infiltrating leukocytes were observed. xl,000 





Chemokine expression during lung eosinophilia in lympho- 
cyte deficient mice. To determine whether the absence of 
eosinophilia in RAG-1 and CD4-deficient mice was related to 
changes in the expression of eosinophilic chemokines such as 



eotaxin, RANTES, and MTP-la, Northern analyses were per- 
formed using RNA from the lungs of these mutant mice at dif- 
ferent time points after OVA treatment. Fig. 4 B shows that in 
RAG-1 and CD4-deficient mice, which do not develop OVA- 
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Figure 5. ICAM-1 and VCAM-1 expression in the eosinophilic'lung. Frozen sections of lungs from OVA-treated wt (middle row) or CD4-defi- 
cient mice (bottom row) and of PBS-treated wt mice (top row)Avere stained with anti-ICAM-1 (middle column) or anti-VCAM-1 (right column) 
mAbs and then counterstained with hematoxylin. Pictures of lung sections from the same groups of mice stained with isotype-matched irrelevant 
control (left column) are included for comparison. Arrows indicate the position of airways and arrowheads of vessels. Bar, 50 |xm. 
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Figure 6. Enumeration of leukocytes (eosinophils, lymphocytes, and 
macrophages) in the BAL fluid of different adhesion receptor defi- 
cient mice in response to OVA. BAL fluid from ICAM-1, VCAM-1, 
L-selectin-, and P-selectin-mutant mice was obtained 3 (black bars) 
or 7 h (white bars) from different groups of mice after OVA adminis- 
tration on day 21 of treatment. OVA-treated wt 129sv/C57BL/6J 
mice were used as control (+/+). Numbers of eosinophils (top}, lym- 
phocytes (middle), and macrophages (bottom) were calculated as the 
product of the total cellularity of the BAL and the percentage of each 
cell type. Figure shows mean±SEM for three individual experiments 
with 4 OVA-treated mice per time point and experiment with the ex- 
ception of L-selectin-deficient mice (3 mice per time point) and 
VCAM-l-deficient mice. (ND, not analyzed at 7 h after OVA 
treatment). 

* • . 

induced pulmonary eosinophilia, there was a significant level 
of expression of eotaxin, R ANTES, and MlP-la (especially on 
day 21 which coincides with maximal eosinophilia in wtmice). 
The levels of expression of these chemokines in CD4 or RAG- 
1-deficient mice were comparable to those found in QVA- 
treated wt and CD8-deficient mice (Fig. 4 B). To evaluate par- 
ity between chemokine mRNA expression and chemokine 
protein production in the CD4-deficient mice, eotaxin protein 
expression was examined in sections of lungs from OVA- 
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treated CD4-deficient mice. Even though there was no infiltra- 
tion in the lungs from these mice there was at least as much, if 
not more, eotaxin epression within sections, correlating with 
the mRNA data (Fig. 4 C). An increase in the amount of eo- 
taxin immu node tec ted on macrophages was noted (Fig. 4 C). 
Experiments are underway to confirm this finding at the mo- 
lecular level. 

Adhesion receptor expression during lung eosinophilia in 
lymphocyte-deficient mice. The mRNA expression of key 
eosinophilic chemokines (eotaxin and RANTES) was virtually 
unaffected in lymphocyte-deficient mice during the response 
to OVA in vivo. Therefore, we examined changes in the ex- 
pression of selected adhesion receptors involved in eosinophil 
extravasation (11, 14) to determine whether suboptimal upreg- 
ulation of adhesion receptor expression in lymphocyte-defi- 
cient mice could account for the lack of eosinophil accumula- 
tion observed in these mutant mice during the OVA treatment. 
To this end we assesed the protein expression of ICAM-1 and 
VCAM-1 genes by immunohistochemistry in frozen sections 
of the lungs of CD4-deficient mice and wt mice after OVA 
treatment on day 21 (3 h after challenge). Similar expression of 
ICAM-1 is observed in wt and CD4-deficient mice in vascular 
and alveolar endothelium (Fig. 5). In contrast, although strong 
expression of VCAM-1 was observed in wt mice after OVA- 
treatment (Fig. 5), it was only weakly expressed in vessels in 
OVA-treated CD4-deficient mice and untreated wt mice (Fig. 
5). PBS-treated mice showed minimal expression of both 
ICAM-1 and VCAM-1 (Fig. 5). 

Role of selected adhesion receptors in pulmonary eosino- 
philia: response to OVA in adhesion receptor deficient mice. 
The eosinophil-endothelial cell interactions required for ex- 
travasation necessitates enhanced expression of endothelial 
adhesion molecules and eosinophil surface integrins (11, 14). 
From the results presented in the previous section and from 
the work of others (16), we hypothesized that the expression of 
VCAM-1 and ICAM-1 is critically regulated by T-lympho- 
cyte-derived cytokines and is essential for the development of 
lung eosinophilia. To test this hypothesis, we used ICAM-1- 
deficient mice and VCAM-l-hypomorphic mutant mice to 
evaluate the specific contribution of these adhesion receptors 
to OVA-induced pulmonary eosinophilia. Since eosinophils 
express P-selectin ligands and L-selectin, mice deficient for 
these molecules were also used in these experiments. On day 
21, 3 h after OVA administration, which correspond with max- 
imum eosinophilia in wt mice, no eosinophil accumulation was 
observed either in the BAL fluid (Fig. 6) or in lung tissue (data 
not shown) of ICAM-l-deficient mice and VCAM-l-hypo- 
morphic mutant mice. At the same time point, the total num- 
ber of BAL lymphocytes in these mutant mice was reduced by 
more than 65 and 85% in ICAM-1 and VCAM-l-mutant mice 
respectively, compared to OVA-treated wt littermates (Fig. 6). 
Analysis of eosinophil accumulation in L-selectin-deficient 
mice in response to OVA showed that L-selectin is not essen- 
tial for induction or maintenance of pulmonary eosinophilia. 
No differences in the number of BAL eosinophils were found 
in these mutant mice compared to control animals (Fig. 6). 
When numbers of BAL lymphocytes were analyzed, I^selec- 
tin-mutant mice showed an identical lymphocyte accumula- 
tion to that observed in wt littermates (Fig. 6). The BAL fluid 
of P-selectin-deficient mice showed only 20% of the eosino- 
phil infiltration 3 h after the last OVA inhalation when com- 
pared to wt littermates (Fig. 6). Interestingly, at the same time 



point no reduction in the number of B AL lymphocytes was de- 
tected (Fig. 6). When P-selectin-deficient mibe were analyzed 
7 h after the last OVA challenge, we detected a 2.5-fold in- 
crease in the number of eosinophils in BAL fluid when com- 
pared with the OVA-treated wt mice at the same time point 
(Fig. 6). ICAM-1 and VCAM-l-mutant mice did not show any 
increase in eosinophil infiltration by 7 h after last OVA admin- 
istration (Fig. 6). No significant differences were found in mac- 
rophage accumulation in the BAL fluid of the different mutant 
mice and wt littermates after challenge with OVA (Fig. 6). The 
lack of adhesion receptors may result in impaired eosinophil 
differentiation. Therefore, deficient mice were injected intra- 
venously with IL-5. No subsequent differences in the numbers 
of circulating eosinophils were detected among these JL-5- 
injected mutant and wt mice (data not shown). % 

Discussion 

In this report we have used a mouse model of OVA-iriduced 
pulmonary eosinophilia in vivo to demonstrate that (a) there is 
a differential accumulation of leukocyte subtypes in the lung 
during the response to OVA, consisting of an early accumula- 
tion of infiltrating macrophages and a late increase of T-lym- 
phocytes and eosinophils; (b) the mRNA expression of specific 
chemokines (eotaxin, RANTES, and MCP-l/JE) parallels in- 
filtration of lungs by these three leukocyte subtypes; (c) neu- 
tralization of eotaxin in vivo with specific Ab reduces OVA- 
induced lung eosinophilia by 50%; (d) mature CD4 + T cells 
are absolutely required for OVA-induced eosinophil migra- 
tion and accumulation in the lung; (e) the presence of T pells is 
not required for the expression of the eosinophilic chemokines 
RANTES, MlP-la, and eotaxin or for their proper regulation; 
(/) the expression of RANTES and eotaxin is not sufficient to 
induce eosinophil accumulation in the absence of CD4 + T cells 
in vivo; (g) the presence of CD4 + T cells is critical for the 
proper enhancement of VCAM-1, but not ICAM-1 expres- 
sion, in the lung during OVA treatment; and Qt) the absence 
of ICAM-1 or VCAM-1 prevents the development of pulmo- 
nary eosinophilia whereas expression of L-selectin and P-selec- 
tin is not essential to achieve lung eosinophil" accumulation in 



vivo. 



i* 



The accumulation of eosinophils and T-lymphocytes-in the 
lung is parallel, and is preceded by a transient accumulation of 
macrophages. This differential accumulation correlates with a 
distinct pattern of expression of specific chemokines. The re- 
cruitment of leukocytes from the blood to si(es of inflamma- 
tion is strongly regulated in vivo by mechanisms that 'allow 
selective leukocyte-endothelial cell recognition. These mecha- 
nisms display total specificity in relation to the stimulus induc- 
ing inflammation, cell response, and the tissffe site involved. 
Based on a murine model of lung eosinophili i induced .by the 
repeated exposure of mice to aerosolized OVA (23), we^have 
analyzed cell subtypes involved in eosinophilia. We describe 
here that there is a macrophage accumulation at the jearly 
stages of challenge and that T-lymphocytes parallel eosinophil 
infiltration. Whereas eosinophils and T-lymphocytes Were pre- 
dominant on day 21 in both BAL and lung tissue, macrophages 
were the most abundant leukocyte type on day 15 in the lungs 
of OVA-treated mice (Fig. 1). These two events characterize 
pulmonary eosinophilia in this model. No significant and or- 
dered neutrophil or B cell accumulation was detected 'during 
the course of OVA treatment (data not shown). Mast -cells, 



which have been described as participating in eosinophil-medi- 
ated inflammatory reactions (69), are not significantly increased 
during the development of this model of antigen-induced eosi- 
nophilia (data not shown). 

The presence of infiltrating macrophages in the lung during 
the sensitization phase (day 8; data not shown) and early stage 
of OVA challenge (Fig. 1) is consistent with the hypothesis 
that these leukocytes play a prominent role in airway hyperre- 
sponsiveness (8, 27). To dissect the specific role that macro- 
phages might play in this model of OVA-induced eosinophilia, 
we attempted to eliminate macrophages in vivo using the drug 
dichloromethylene-diphosphonate (Cl^MDP) encapsulated in 
liposomes (70). Although a clear reduction (60%) in BAL pul- 
monary eosinophilia was detected in CtMDP-treated mice af- 
ter OVA-challenge, these experiments were unsatisfactory 
due to the incomplete depletion of macrophages and to possi- 
ble secondary effects of the drug (data not shown). The study 
of the role of macrophages in lung eosinophilia using a geneti- 
cally "clean" system is hampered by the lack of availability of 
macrophage deficient mice. Mice lacking M-CSF (op/op) or 
GM-CSF expression or both, still have significant numbers of 
alveolar macrophages (71, 72). Thus, although our preliminary 
results suggest a participation of macrophages in the early 
phases of lung eosinophilia, the final confirmation of these re- 
sults awaits the development of better tools (macrophage-defi- 
cient mice) to address this issue. 

Interestingly, we found that MCP-l/JE expression corre- 
lates with lung macrophage accumulation whereas the expres- 
sion of RANTES and eotaxin is concomittant with lymphocyte 
and eosinophil infiltration (Fig. 2 A), The expression pattern 
of MlP-la mRNA reflects that seen for eotaxin and RANTES 
rather than the mRNA pattern observed for MCP-l/JE (Fig. 2 
A). This result suggests that MlP-la is playing a, role in the re- 
cruitment of eosinophils in our model and is in accordance 
with the recent description of MlP-la as an eosinophilic 
chemokine (65). Taken together these findings indicate that 
there is a differential expression of chemokines during OVA- 
induced eosinophilia in vivo which directly correlates with the 
arrival of specific leukocyte types in the lung. 

Of the chemokines able to attract eosinophils, eotaxin ap- 
pears to be one of the most efficient (20, 67). This has led us 
and others to suggest that this chemokine might play a key role 
in lung allergic eosinophilia. In fact, neutralization of eotaxin 
at day 21 in our model demonstrated that this chemokine is re- 
sponsible for the recruitment of approximately half of the eosi- 
nophils that accumulate in the BAL fluid in response to aller- 
gen challenge (Fig. 3). We are presently evaluating further the 
specific contribution of eotaxin at different times of this aller- 
gic response in the lung, as well as its overall contribution to 
this process. Our results indicate that most of the infiltrating 
leukocytes (eosinophils, lymphocytes, and monocytes) are not 
producing eotaxin protein, at least at the time of maximal eosi- 
nophilia (day 21, 3 h after OVA inhalation). We have previ- 
ously reported that lymphocytes and monocytes can produce 
eotaxin mRNA after activation in vitro (23). Similarly, Ponath 
et al. reported that human eosinophils are able to produce eo- 
taxin mRNA (67). However, at the point of maximal eosino- 
philia in vivo, these three cell types do not overtly produce eo- 
taxin protein. Rather, the principal cells producing eotaxin in 
response to OVA in this model are resident lung cells (mainly 
epithelial cells and alveolar macrophages with some possible 
contribution from endothelial cells). 
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The presence of CD4 + T cells is essential for the develop- 
ment of lung eosinophilia in vivo, but not for the expression of 
eosinophilic chemokines. To evaluate the relevance of lym- 
phocytes and of specific subpopulations in OVA-induced eosi- 
nophil accumulation in the lung and the putative role that 
these cells might play, we have used mice lacking specific lym- 
phocyte subtypes. Here we demonstrate that there is no OVA- 
induced eosinophil accumulation in the B AL fluid of R^G-l- 
deficient mice (lacking T- and B -lymphocytes) (68) or CD3e 
transgenic mice (lacking T and NK cells) (48). (Fig. 4/1). This 
suggests that T cells are required for the induction of lung . eosi- 
nophilia and that B cells are not sufficient to induce this physi- 
ological response. Since we did not detect any significant lym- 
phocyte infiltration in CD3e transgenic mice, the OVA-induced 
lymphocyte infiltrate must be composed predominantly of 
T cells (Fig. 4 A). This was confirmed by stained lung sections 
from OVA-treated mice with an anti-IgM mAb (data not 
shown). Furthermore, the prevention of eosinophil accumula- 
tion in BAL and lung tissue in CD4 + T-lymphocyte-defkient, 
but not in CD8 + T-lymphocyte-deficient mice after t)VA- 
challenge (Figs. 4, 5, and data not shown) demonstrates that 
CD4 + T-lymphocytes are required for the induction and devel- 
opment of lung eosinophilia. * * 

A number of studies have showed that airway hyperre- 
sponsiveness and pulmonary inflammation can be associated 
with a Th2 pattern of cytokine expression (37, 73-76). As yet, 
there has been no direct evidence that T-lymphocytes mediate 
in vivo antigen-induced eosinophilia. As demonstratedr'using 
SCID mice, airway hyperreactivity induction requires the pres- 
ence of lymphocytes (75) but the association of airway hyper- 
reactivity and pulmonary eosinophil infiltration is still riot un- 
derstood since neither IL-5 or eosinophils support airway 
hyperreactivity in an in vivo murine model of pulmonary in- 
flammation (75). Elegant and thorough studies have demon- 
strated a key role for CD4 + T cells in the development of tra- 
cheal (77) or pulmonary (78) antigen-induced eosinophil 
infiltration by mAb-depletion of CD4 + T cells. However, a 
critical role for CD8 + T cells in the development of lung eosi- 
nophilia and airway responsiveness has also been documented 
in another model of airway sensitization in which priming by 
intraperitoneal injection of OVA was omitted (79). Expression 
of chemokines during CD4+- or CD8 + T cell-dependen,t eosi- 
nophilia in these two different mouse models is currently being 
investigated in our laboratory. These results illustrate that the 
contribution of CD4 + or CD8 + T cells to eosinophil accumula- 
tion is dependent upon the particular methods used to induce 
allergic inflammation. In addition, the results obtained from all 
these experiments are conditioned by the finding that human 
eosinophils also express the CD4 receptor (14) and by possible 
secondary effects mediated by the injection of mAbs in vivo. 
In this study we use a "clean" genetic deficiency to demon- 
strate that the absence of CD4 + T-lymphocytes (but not-CD8 + 
T cells) abolishes pulmonary eosinophilia without affecting 
eosinophil differentiation. On the other hand, in these itnmu- 
nodeficient mice it is difficult to decide whether the interference 
with the sensitization and/or with the induction phase- of the 
response to OVA results in the lack of eosinophil infiltration. 
We are evaluating the OVA-induced immune response in lym- 
phocyte-deficient mice as well as establishing the role that B 
and T cells play in both the sensitization and challenge phases 
by depletion of these particular lymphocyte subtypes at differ- 
ent time points of the treatment. This will iead us to a better 



characterization of both the sensitization and induction phases 
of the response in our murine model of lung eosinophilia. An- 
other possible explanation for the absence of eosinophilia in 
CD4-deficient mice could be a decrease in the number of bone 
marrow or peripheral blood eosinophils because of the CD4 
deficiency. CD4-deficient mice and wt littermates were found 
to have similar basal levels of eosinophils in peripheral blood 
before treatment (data not shown). After OVA treatment, it is 
possible that levels of peripheral blood eosinophils are lower 
in CD4-deficient mice. We could not test this hypothesis di- 
rectly by evaluating increases in peripheral blood eosinophils 
in OVA-treated CD4-deficient mice because no such increase 
is detected after treatment of wt mice in this model. Instead, 
we took advantage of the fact that intravenous IL-5 induces a 
rapid reduction in the number of eosinophils in bone marrow 
due to their mobilization to the blood (43). We did not detect 
any differences in the number of IL-5-mobilized circulating 
eosinophils among these wt and mutant mice (not shown). In 
addition, eosinophil accumulation in the peritoneum of CD4- 
deficient mice after repeated peritoneal administration of IL-5 
suggests that these leukocytes maintain their ability to extrava- 
sate in vivo, at least to the peritoneum. 

We hypothesized that CD4 + lymphocytes might be essen- 
tial for the development of lung eosinophilia because they pro- 
duce or regulate the expression of eosinophilic chemokines or 
because they regulate the upregulation/activation of critical 
adhesion receptors used by eosinophils during their transmi- 
gration in vivo. As shown above, the infiltrating cells in the 
lung are not the main producers of at least one eosinophilic 
chemokine, eotaxin (Fig. 2 B). Therefore, we would not expect 
a reduction of eotaxin or RANTES expression in CD4-defi- 
cient mice. However, CD4 + T-lymphocytes can provide signals 
that regulate the expression of these chemokines by epithelial 
and endothelial cells. To test these possibilities, we studied the 
RNA expression of eotaxin and RANTES in lymphocyte-defi- 
cient mice. 

The mRNA expression of chemokines able to induce eosi- 
nophil recruitment (eotaxin, RANTES, and MlP-la) after 
OVA administration, is not influenced in lymphocyte-deficient 
mice. In RAG-1 and CD4-deficient mice, that are resistant to 
OVA-induced pulmonary eosinophilia, there exist significant 
levels of eotaxin, RANTES, and MlP-la expression when 
compared with OVA-treated wt and CD8-deficient mice. This 
finding was subsequently confirmed at the protein level for eo- 
taxin. Based on these results, we can conclude that the expres- 
sion of these chemokines alone is not sufficient to drive leuko- 
cyte recruitment in vivo and, that CD4 + T cells, which are 
absolutely required for induction of eosinophilia, do not regu- 
late the expression of these eosinophilic chemokines. Possible 
candidates capable of regulating the expression of chemokines 
in the lung of lymphocyte-deficient mice could be mast cells or 
macrophages. On the other hand, the expression of these eosi- 
nophilic chemokines in RAG-l-deficient mice or CD4-defi- 
cient mice is not due to a non-specific response to large doses 
of OVA or to the effect of some contaminant since we have re- 
cently reported that the novel eosinophilic chemokine MCP-5 
(80) is expressed in the lung of wt mice but not of RAG-l- 
deficient mice after OVA treatment (80). 

The expression of selected adhesion molecules is T-lym- 
phocyte dependent. The expression of ICAM-1 and VCAM-1 
is critical for the accumulation in vivo of eosinophils in the 
lung. The process of eosinophil-endothelial cell interactions 
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involves several adherence pathways (14). Eosinophils can 
bind to ICAM-1 and to VCAM-1 by means of LFA-1 and 
VLA-4, respectively. They also express L-selectin and ligands 
for P-selectin (11, 12). We examined the expression of % both 
ICAM-1 and VCAM-1 proteins in our model of OVA-induced 
eosinophilia in wt and CD4-deficient mice. While OVA- 
treated wt and CD4-deficient mice exhibited similar staining 
patterns of ICAM-1 protein expression in alveoli and blood 
vessels (Fig. 5) a differential staining pattern was clearly ob- 
served for VCAM-1, where increased vascular endothelial 
staining was detected in OVA-treated wt, but not in CD4-defi- 
cient mice (Fig. 5). This implies that adhesjon molecules are 
differentially modulated by CD4 + T cells since we have shown 
that VCAM-1, but not ICAM-1, is dramatically increased in 
the presence, but not absence, of these cells, and that CP4 + T 
cells are not directly involved in the regulation of ICAM-1 
protein expression. 

We have examined the role that the adhesion receptors 
ICAM-1, VCAM-1, P-selectin, and L-selectin play in OVA- 
induced pulmonary eosinophilia by using mice lacking;these 
adhesion molecules. Our studies in Vivo demonstrate that eosi- 
nophil migration into the lung tissue (data not shown) and 
BAL fluid (Fig. 6) is abolished in the absence of ICAM-1 and 
VCAM-1. Previous in vivo blocking experiments have shown 
that VCAM-l/VLA-4 interactions play a predominant role in 
controlling antigen-induced eosinophil and T cell recruitment 
into the mouse trachea but ICAM-l/LFA-1 interactions are 
only critical in regulating T cell recruitment in the same model 
of inflammation (16). Studies of eosinophil transmigration in 
vitro have reported a 24% reduction in IL-1 or TNF-a-induced 
eosinophil migration by using mAb against ICAM-1 while 
the combination of anti-E-selectin, anti-VCAM-1, and anti- 
ICAM-1 mAbs resulted in additive inhibition of transmigra- 
tion (15). Our results indicate that OVA-induced eosinophil 
accumulation in the lung requires interactions mediated by 
ICAM-1 and VCAM-1 with their counter-reteptors. In both 
strains of adhesion receptor-deficient mice, no eosinophils 
were detected in BAL fluid after OVA treatment (Fig. 6)." Fur- 
thermore, T cell infiltration is also affected in ICAMil and 
VCAM-l-mutant mice. We found a 32 and 14% lymphocyte 
accumulation in the BAL fluid of OVA-treated ICAM-i-defi- 
cient mice and VCAM-l-hypomorphic mutant mice, respec- 
tively, when compared with OVA-treated wt controls (Eig. 6). 
Since CD4 + T-lymphocytes are essential for the development 
of pulmonary eosinophilia during OVA treatment, we can not 
conclude from these experiments whether ICAM-1 and/or 
VCAM-1 play a critical role in lung eosinophilia either- by di- 
rectly mediating eosinophil-endothelium interactions or by fa- 
cilitating CD4 + T cell activation and/or infiltration, or both ef- 
fects together. Adoptive transfer experiments into deficient 
mice are underway in our laboratory to address this question. 

In contrast, the absence of L-selectin and P-selectin expres- 
sion does not prevent the development of pulmonary eosino- 
philia in this model. The number of BAL leukocyte subtypes 
remained comparable in L-selectin-deficient mice and wt lit- 
termates at the different time points analyzed (3 and 7 h) after 
OVA administration on day 21 (Fig. 6). Three hours after 
OVA challenge on the same day, P-selectin-deficient mice 
have fewer eosinophils in the lung than wt mice. BAL fluid ob- 
tained from these treated mice showed 20% of the eosinophil 
accumulation observed in wt littermates without reduction in 
the number of infiltrating lymphocytes (Fig. 6). Since lympho- 



cyte migration remains unaffected, the reduced eosinophilia at 
this time point might be directly attributable to the effect of 
the P-selectin deficiency. However, the increase in the number 
of eosinophils (2.5-fold over the control at this time point) in 
the BAL fluid of OVA-treated P-selectin--deficient mice ob- 
tained 7 h after OVA challenge, suggests that in the absence of 
P-selectin-mediated interactions, eosinophil accumulation in 
the lung is suboptimal and therefore delayed in vivo. However, 
P-selectin is not essential for the development of eosinophilia 
since in the absence of P-selectin expression, eosinophils and 
endothelial cells use alternative adhesion pathways that allow 
delayed eosinophil migration into the lung. 

Numbers of macrophages (Fig. 6) and neutrophils (data 
not shown) present in the BAL fluid of OVA-treated mutant 
mice were also similar when compared with wt animals (data 
not shown). The only exception was a 40% reduction in neu- 
trophils in ICAM-l-deficient mice (not shown). This reduc- 
tion was also detectable in these mutant mice even before 
treatment and may be related to the fact that ICAM-1 is re- 
quired for neutrophils to migrate into tissues (52). 

The study of leukocytes and the molecules that they pro- 
duce or upregulate during recruitment and accumulation of 
specific leukocyte subsets into sites of inflammation, may lead 
to the development of therapeutic approaches able to inhibit 
the pathogenesis of allergic inflammation. Asthma is a com- 
plex syndrome that involves recruitment of eosinophils and 
their accumulation in the lung. Although murine models of 
lung inflammation do not completely represent the complexity 
of this syndrome, they may delineate particular pathways op- 
erating within it. The results presented here using one particu- 
lar murine model together with additional information yielded 
from other, different, models of lung inflammation may con- 
tribute to a better comprehension of the mechanisms impli- 
cated in the establishment of eosinophilia within the inflamma- 
tory lung. 
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Summary , 

Leukocyte infiltration anc^necrosis are two biological phenomena associated with the develop- 
ment of neovascularization during the malignant progression of human astrocytoma. Here, we 
demonstrate expression of interleukin (IL)-8, a cytokine with chemotactic and angiogenic 
properties, and of IL-8-binding receptors in astrocytoma. IL-8 expression is first observed in 
low grade astrocytoma ia perivascular tumor areas expressing inflammatory cytokines. In glio- 
blastoma, it further localizes to oxygen-deprived cells surrounding necrosis. Hypoxic/anoxic 
insults on glioblastoma cells in vitro using anaerobic chamber systems or within spheroids de- 
veloping central 'necrosis induced an increase in IL-8 messenger RNA (mRNA) and protein 
expression. mRNA for IL-8-binding chemokine receptors CXCR1. CXCR2, and the Duffy 
antigen receptor for chemokines (DARC) were found in all astrocytoma grades by reverse 
transcription/PCR analysis. In situ hybridization and immunohistochemistry localized DARC 
expression on normal brain and tumor microvascular cells and CXCRl and CXCR2 expres- 
sion to infiltrating leukocytes. These results support a model where IL-8 expression is initiated 
early in astrocytoma development through induction by inflammatory stimuli and later in tu- 
mor progression* increases due to reduced microenvironmental oxygen pressure. Augmented 
IL-8 would direcdy and/ or indirectly promote angiogenesis by binding to DARC and by in- 
ducing leukocyte infiltration and activation by binding to CXCRl and CXCR2. 



Astrocytomas are the most common and lethal human 
primary brain tumors and can be subdivided into low 
grade astrocytoma (WHO grade II) , anaplastic astrocytoma 
(grade III), and glioblastoma (grade IV) according to Cellu- 
larity, cellular pleomorphism, degree of neovascularization, 
and the presence of necrosis (1). Glioblastoma can occur de 
novo or as the recurrence of a grade II or III astrocytoma. 
Litde is known about the molecular mediators inducing the 
biological changes occurring during this progression. Here 
we address two interesting biological features of these tu- 
mors: development of tumor-induced neovascularization 
and the use of this vascular network by lymphoid/ myeloid 
cells for tumor infiltration. 

As for other tumor types, the progression of astrocytoma 
is dependent on the development of new blood supply (2 t 
3). New blood vessels appear in low grade astrocytoma; 
these vessels are anatomically indistinguishable from those 
found in the surrounding normal brain. In the malignant 
phase of the disease, vessel density increases and the 
neovessels acquire an abnormal architecture, becoming ex- 
tensively convoluted with the formation of vascular glom- 



eruli, showing lumen occlusion, and displaying hyperplasia 
of the smooth muscle/pericyte and endothelial cell layers 
(1, 3). Maximal vessel density is reached in glioblastoma 
which is among the most vascularized tumors (4) . Paradox- 
ically, this increase in vessels is accompanied by the devel- 
opment of necrosis, the pathognomonic criterion that dis- 
tinguishes glioblastoma from anaplastic astrocytoma (1, 3). 
The precise mechanism (s) at the origin of this tissue death 
are unresolved, but at least two factors are believed to con- 
tribute to its genesis. One is the outgrowth of blood supply 
by a rapidly growing tumor leading to tissue hypoxia/an- 
oxia. The second is thrombotic occlusion of vessels, con- 
ducive to tissue ischemia (1). 

Parallel to vessel development, astrocytomas are often in- 
filtrated with numerous lymphoid/myeloid cells extravasat- 
ing from newly formed tumor vessels. These are predomi- 
nandy macrophages and CD8 T lymphocytes, but, B cells, 
NK cells, and CD4 T ceDs are also present (5, 6). It is un- 
clear whether these infiltrates participate in an antitumor 
response or contribute indirecdy to tumor expansion by se- 
cretion of growth factors or cytokines. Clearly, they are in- 
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efficient at eradicating tumor growth and do not appear to 
relate to a favorable prognosis (7, 8). The precise mecha- 
nism leading to infiltration in astrocytoma is unknown, but 
it is likely to involve both adhesion molecules (9 t 10) and 
chemoattractants (11, 12). 

IL-8 is a candidate molecule that may play a role in both 
of these processes. Belonging to the subfamily of chemo- 
kines blueprinted by a C-X-C amino acid cystein motif (see 
review in reference 13), IL-8 is secreted by many different 
cell types and is a chemoattractant for neutrophils, T' lym- 
phocytes, and basophils (14-19). Furthermore, recent work 
has demonstrated that IL-8 is a mediator of angiog^nesis. 
IL-8 induces endothelial cell chemotactic and proliferative 
activity (20-22) and mediates neovascularization in ra*'t and 
rabbit corneas in the absence of inflammation (23-24), as 
well as in the rat mesenteric window assay (25). IL-8 *is se- 
creted by a variety of tumor cells (see review in reference 
13), promotes growth of bronchogenic carcinoma (26) and 
nonsmall cell lung cancer (22), and correlates with tneta- 
static potential of human melanoma cells in nude mice (27). 

Three IL-8-binding receptors participate in the biologi- 
cal responses mediated by this cytokine: C-X-C chemo- 
kine receptor 1 (CXCR1 /IL-8RA) , C-X-C chemokine 
receptor 2 (CXCR2/IL-8RB), and the Duffy antigen re- 
ceptor for chemokines (DARC). 1 Although IL-8 is the 
only chemokine known to bind to CXCR1, CXCR2 is 
shared with all C-X-C chemokines carrying the amino acid 
motif E-L-R-C-X-C. DARC is a promiscuous receptor for 
many C-X-C and C-C chemokines and serves as a. site of 
anchorage for infection by malaria parasite Plasmodium vivax 
(28, 29). 

We previously demonstrated that IL-8 is synthesized in 
vivo during all stages of astrocytoma progression (12). Here 
we examine which physiological mechanisms regulate IL-8 
expression during the progression of human astrocytoma, 
and elucidate whether this secretion mediates a biological 
response in these tumors. We demonstrate that two »mech- 
anisms are likely to be involved in IL-8 secretion: ea3*ly-. in- 
duction by the presence of inflammatory signals such as IL- 1 
and TNF, and late induction by a change in the physiology 
of the tumor, namely, a decrease in oxygen levels duetto is- 
chemia/hypoxia. Expression of IL-8 receptors CXCR1 
and CXCR2 on a subset of infiltrating leukocytes and of 
DARC on tumor microvasculature supports a role for IL-8 
in leukocyte attraction, activation, and angiogenesis.;' 

Materials and Methods 

Ceil Culture, Spheroid Formation, and Anoxic Treatments. Human 
glioblastoma cell lines U87MG (endogenous WTp53; tumori- 
genic in immunocompromised mice), LN-229 (mutant p'53, tu- 
morigenic), LN-Z308 (p53-null, tumorigenic) , and T98G (mutant 
p53, nontumorigenic) were grown as previously described (30). To 



1 Abbreviations used in this paper: DARC, Duffy antigen receptor for 
chemokines; GFAP, glial fibrillary acidic protein; mRNA, messenger RNA: 
RT. reverse transcripUon; VEGF, vascular endothelial growth factor. 



induce anoxia, cells were incubated in an Oxoid gas generating 
anaerobic system chamber (Unipath Ltd., Hamshire, UK) using 
hydrogen, CO z , and a palladium catalyst to remove all traces of 
oxygen (final anoxic conditions: 93% hydrogen, 7% COJ. Cells 
(1.5 X 10 6 ) were plated in tissue culture dishes 48 h before anoxic 
induction. When the cultures reached 80% confluence, fresh cul- 
ture medium (DMEM-5% FCS) was added and dishes were in- 
cubated under normoxic or anoxic conditions for different times. 
To allow spheroid formation, LN-229 cells were trypsinized and 
2 X 10 4 cells were seeded in 0.5% agar-coated wells (GIBCO 
BRL, Gaithersburg, MD). Culture medium was changed every 2 d 
and spheroids were incubated for 4-1 1 d until necrosis formation. 
Spheroids were then embedded in Tissue-Tek OCT4583 (Miles 
Inc., Elkhart, IN) and snap frozen in liquid nitrogen. Serial sec- 
tions of 5-|xm thickness were then processed for in situ hybridiza- 
tion or immunohistochemistry. 

Preparation of Conditioned Media for Measurement of IL-8 Produc- 
tion by ELISA. Culture supernatants of LN-229 were collected 
after 4, 12, and 24 h under normoxic or hypoxic conditions, cen- 
trifuged at 1,000 g, aliquoted, and stored at — 80°C until tested. 
ELISA was done in duplicate using a commercially available assay 
system according to the manufacturer's instructions (R&D Sys. 
Inc., Minneapolis, MN). The minimal detection limit was 3 pg/ 
ml of recombinant human IL-8 in the culture medium. 

Tissue Specimens and Immunohistochemistry. Astrocytoma spec- 
imens and nontumoral brain tissue from pharmacoresistant epi- 
lepsy patients were snap frozen in refrigerated isopentane and 
stored at — 80°C. Cyostat tissue or spheroid sections were incu- 
bated with optimal concentrations of the following primary anti- 
bodies: anti-IL-8 hybridoma 46E5 (31), anti-CXCRl/IL-8RA 
hybridoma 5A12-5, anti-CXCR2/IL-8RB hybridoma 6C6-1C 
(18), anti-DARC polyclonal antibody 6615 and corresponding 
rabbit preimmune serum (32) , and purified monoclonal antibody 
preparations against glial fibrillary acidic protein (GFAP) clone 
6F2 (Dako, Copenhagen, Denmark), T cell marker CD3 clone 
SK7 (Becton Dickinson, Basel, Switzerland), and isotype-matched 
mouse immunoglobulins as negative controls (Dako). The sec- 
tions were then incubated for 25 min with a biotinylated anti- 
mouse IgG horse antibody (Vector Labs., Burlingame, CA), fol- 
lowed by a 25-min incubation with peroxidase-labeled avidin. 
The chromogens used were 3-amino-9-ethylcarbazole (Sigma 
Chemical Co., St. Louis, MO) or 3,3'-diaminobenzidine (Fluka 
Chemie AG, Buchs, Switzerland). Counterstaining was done with 
hematoxylin for 30 s. 

RNA Extraction and Reverse Transcriptase/PCR. Total RNA 
from resected human astrocytomas (5 grade II, 7 grade III, and 12 
grade IV) and from four cell lines (LN-229. T98G, LN-Z308, 
and U87MG) were extracted with TRIzol Reagent as described 
by the manufacturer (GIBCO BRL). The reverse transcription 
(RT)/PCR was done with 1 jig of total RNA as previously de- 
scribed (11). The following primer pairs were used; annealing 
temperatures, MgCl 2 concentrations, and amplicon sizes are indi- 
cated in brackets. For IL-8: 5' primer (5' ATG ACT TCC AAG 
CTG GCC GTG 3'). and 3' primer (5' CTC TTC AAA AAC 
TTC TCC CGA CTC TTA AGT ATT 3') [65°C. 1.5 mM, 298 
bp]: for CXCRI: primer A (5' GAG GTT GTG TGT GGA 
AGG TG 3'). and primer B (5' AGG TTG ATG TTT TGG 
CAG TG 3') [64°C, 1 mM. 476 bp]; for CXCR2: primer A (5' 
GCT CTA GAG CTG GGC AAC AAT ACA GCA AACT 3') 
and primer B (5' CCA TCG ATG GGC ACT TAG GCA GGA 
GGT CTTA 3') [60°C, 1.5 mM, 493 bp]. RT controls included 
reactions without mouse Moloney leukemia virus (MMLV) re- 
verse transcriptase and without RT product. 
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Figure 1. Detection of IL-8 mRNA in 
glioblastoma sections by in situ hybridiza- 
tion. {A-F) Antisense IL-8 cRNA probe. 
(G and Hj sense IL-8 cRNA probe (nega- 
tive control). Sections were derived from 
glioblastoma No. 921 for A and C (bright 
Held) and B and O (dark field), and glioblas- 
toma No. 882 for E and G (bright field) and 
F and H (dark field). (A and B were also 
used for immunohistochemistry with an 
anti-GFAP antibody (A, red filament?, B, 
green filaments) . {E-ffy Pseudo palisading cells 
separate a necrotic tumor area with numer- 
ous dying cells with pyknotic nuclei (fop) 
from a viable richly vascularized tumor area 
(bottom). Bright areas in Hare tumor vessels. 
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Northern Blot Analysis. 10 pig of RN A/sample were .electro- 
phoresed through a 1% agarose formaldehyde gel and blotted 
onto a nitrocellulose membrane (Hybond N; Amersham./jAryles- 
bury, UK) as previously described (11). The blots were hjtbrid- 
ized with the following probes labeled by random primed-iDNA 
labeling kit (Boehringer Mannheim, Indianapolis, IN): a 2-98 - up 
PCR fragment of IL-8 cDNA (see above), a 500-bp £c : oRI- 
BamHI fragment of human vascular endothelial growth', factor 
(VEGF) cDNA (plasmid pBluescript KS-VEGF), a 1,100-bjJPstI 
fragment of 0 actin cDNA (plasmid pAL41), and a 280-bp BcoRI 
fragment of the bovine 28S ribosomal DNA gene. ■ v' 

In Situ Hybridization. In situ hybridization was performed as 
previously described (11) using the following cRNA sense, and 
antisense probes labeled with 35 S-UTP during in vitro transcrip- 
tion reactions with T3 or T7 RNA polymerase: a 240-bp .Pstl- 
EcoRI fragment of the IL-8 cDNA, a 477-bp EcoRI^XhoI 
CXCR1 cDNA fragment (33), a 1,510-bp EcoRI-XhoI GXCR2 



cDNA fragment (34), and, as a positive control, a BamHI-EcoRI 
VEGF 165 cDNA fragment. 



Results 

Previous work established that IL-8 is produced in patients 
with all grades of astrocytoma progression. Interestingly, 
immunohistochemistry showed predominant IL-8 localiza- 
tion on tumor cells or macrophages in perivascular areas 
with leukocytic infiltrates and on pseudopalisading cells 
surrounding necrosis (12), a spatial pattern that is compati- 
ble with a role in chemotaxis and/or angiogenesis. How- 
ever, localization of cytokine secretion sites on this basis 
may be misleading and be the result of cytokine sequestra- 
tion rather than production. To unequivocally identify the 
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Figure 2. Detection of IL-8 and VEGF 
mRNAs on spheroid sections of glioblastoma 
cell line LN-229 by in situ hybridization. (A B, 
and D-G) Antisense IL-8 cRNA probe. (C 
and Hj sense IL-8 cRNA probe (negative 
control). Green area in H corresponds to ne- 
crosis. (J) Antisense VEGF cRNA probe. (/) 
VEGF cRNA probe (negative control). {A~ 
Q 4-d-old spheroid, magnification of 20; (D- 
I) 10-d-old spheroids with central necrosis, 
magnification of 10. Spheroid in Fand G was 
incubated for 24 h with TNF (100 U/ml) be- 
fore sectioning. 
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IL-8 producer cells in these areas, we performed in sku hy- 
bridization with sense and antisense IL-8 cRNA probes on 
ex vivo glioblastoma samples. IL-8 messenger RNA (mRNA) 
was found in areas surrounding blood vessels, both, in,those 
showing a lumen (Fig. 1, A and B) and in those witKglom- 
eruloid microvascular proliferation (Fig. 1 , C and Dj char- 
acteristic of glioblastoma (1). This confirms the spatial pattern 
of expression observed previously with in situ immunode- 
tection (12). Moreover, elevated IL-8 mRNA levels were 
observed in cells surrounding necrosis (Fig. 1, E and F). 
These cells form a particular structure called pseudopalisade 
and are believed to undergo severe stress due to.o^cygen 
deprivation (1). Controls with sense probes on adjacent 
sections were negative (Fig. 1, G and H) . Staining of these 
sections (Fig. 1 A) or adjacent sections (not shown) With an 
antibody against GFAP, a glial lineage marker, suggested 



that the cells expressing IL-8 mRNA were either of glial 
origin (astrocytoma cells or reactive astrocytes) or cells in- 
filtrating the tumor in areas with intricate patterns of GFAP 
expression. 

The correlation of IL-8 expression and tumor cell prox- 
imity to necrosis prompted us to investigate whether there 
was a causal relationship. Therefore, we used an experi- 
mental model system in which necrosis forms at the center 
of a multicellular tumor spheroid (35, 36). These spheroids 
can be easily manipulated in vitro, the appearance of necro- 
sis is dependent on spheroid size (150-300 jjlM diameter), 
and measurement of oxygen content in the necrotic region 
showed that it was anoxic (35). Another advantage of this 
model is that it allows examination of inducing events linked 
to necrosis formation without the in vivo complications 
linked to the presence of nontumoral cells (microvessel 
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Figure 3. Measurement of IL-8 mRNA and protein levels in glioblas- 
toma cells exposed to anoxia. (A) Time course of IL-8 mRNA levels in 
LN-229 glioblastoma cell spheroids by Northern blotting (Zefi) and graph- 
ical display of relative mRNA levels (rlghi). 10 p-g of total RNA extracted 
from 4-, 7-, and 11-d-old spheroids is displayed in each lane. (This* nor- 
malizes for cell content in spheroids.) (Bj Northern blot with RNA ex- 
tracted from LN-229 glioblastoma cells, incubated for 24 h in an anoxia - 
generating chamber system. N, normoxia; A, anoxia; IL~1. simultaneous 
IL-10 treatment at 10 U/ml for 24 h; TNF, TNF-ct treatment at 100 U/ 
ml for 24 h. (C) Measurement of IL-8 by ELISA (picogAm per milligram 
of total cellular protein) in conditioned media of LN-2^9 cells after 24 h 
of normoxic {white column) or anoxic {black column) treatment. Standard 
deviations {vertical bars} of triplicates were calculated. (Dj Analysis of cell 
number and viability of glioblastoma cell lines upon anoxic treatment. 
LN-229 (/efij) and LN-Z308 {right) glioblastoma cells, were stained with 
trypan blue and counted before {hatched columns) and after a 24 -h treat- 
ment under normoxic (white columns) or anoxic (black columns) conditions. 
Standard deviations of triplicates (vertical bars) were calculated: . The 
amount of cells permeable to trypan blue was insignificant and is not pre- 
sented in the graph. 



cells, microglia, and infiltrating leukocytes). Spheroids were 
produced from glioblastoma cells and analyzed for IL-8 
mRNA expression by in situ hybridization and Northern 
blotting before and after appearance of central necrosis. 
Slight constitutive IL-8 mRNA expression was found in 
small spheroids without necrosis (diameter of <150 u,m) 
under the culture conditions used (Fig. 2, A and Z3); this 
likely reflects serum stimulation of IL-8 expression as previ- 
ously shown in monolayer cultures (12). In larger spheroids 
(>10 d old) with central necrosis, a ring-like augmentation 
of IL-8 mRNA levels was observed (Fig. 2, D and £). This 
increase in IL-8 mRNA could be the result of an inductive 
event in the stressed cells lining necrosis or an inhibition of 
IL-8 mRNA expression in the peripheral cell layer at the 
contact of culture medium. To discriminate between these 
two possibilities, we incubated the spheroids with TNF-ct, 
an inflammatory cytokine known to induce IL-8 mRNA pro- 
duction. Increase of IL-8 mRNA was now observed both 
in the cells lining necrosis and in those at the periphery of 
the spheroid (Fig. 2, Fand G), showing that the peripheral 
cells have not become refractory to an IL-8-inducing stim- 
ulus. In situ hybridization of these spheroids with a VEGF 
antisense probe (Fig. 2 J) showed that the mRNA increases 
observed for both IL-8 and VEGF were similar in both in- 
tensity and perinecrotic localization. Control sense cRNA 
probes for IL-8 (Fig. 2, C and H) and VEGF (Fig. 2 ]) were 
negative. 

To obtain a quantitative estimate of the increase in IL-8 
mRNA production as a result of necrosis development 
over time, we performed Northern blotting on 10 fig total 
RNA (thus normalizing for differences in cell numbers be- 
tween young and old spheroids) extracted from 4-, 7-, and 
11-d-old spheroids. Total IL-8 mRNA content of sphe- 
roids increased significantly from days 4 to 7 by 2-fold, and 
from days 4 to 11 by 7. 5 -fold (Fig. 3 A). These results 
demonstrate that establishment of a necrotic area in glio- 
blastoma spheroids is sufficient to generate an increase in 
IL-8 mRNA steady state levels in glioblastoma cells, and 
that this induction is not dependent on nontumoral accessory 
cells. 

Induction of IL-8 expression could be the direct result of 
physiological conditions of minimal oxygen supply or re- 
lated to the presence of factors produced either by dying 
cells or liberated by cell lysis during necrosis. To discrimi- 
nate between these possibilities, we placed monolayer glio- 
blastoma cell cultures under experimental conditions of oxy- 
gen deprivation using anaerobic chambers (see Materials 
and Methods). These chambers generate complete anoxia 
within a time frame of 6-8 h due to oxygen consumption 
by a palladium catalyst. Using this system we were able to 
demonstrate an increase in IL-8 mRNA levels, as do IL-1 
or TNF treatments, in glioblastoma cell lines LN-229 (Fig. 
3 B) t U87MG, LN-Z308, and T98G (not shown), a panel 
representative of the genetic and biological heterogeneity 
of glioblastoma (37). IL-8 mRNA peaked between 12 and 
24 h after induction (not shown) and resulted in augmenta- 
tion of secreted IL-8 in culture medium as measured by 
ELISA (Fig. 3 Q. Similar results were obtained in cells in- 
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Figure 4. Detection of IL-8-binding 
receptors In glioblastoma by immunohis- 
tochemistry. DARC (A) and factor VIII 
(B) expression on microvascular cells of 
glioblastoma No. 1069. DARC {Q and 
preimmune serum {D) staining on nontu- 
moral brain No. T265CN. CXCR1 (£) 
and CD3 (i*) staining on glioblastoma No. 
906. CXCR2 staining on sections with 
vessels or in a perinecrotic region (Hj 
of glioblastoma No. 842. Examples of posi- 
tive cells are shown by arrows. 
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cubated under a gas mixture composed of 95% N2 arid 5% 
C0 2 (not shown). Cell counting before and after the»24-h 
anoxic treatment showed moderate reduction in cell/ num- 
bers (by 20-30%) as compared to untreated cells (Fig. 3 D), 
due to a reduced proliferation rate under anoxia. Examina- 
tion of morphology and membrane integrity by exclusion 
of trypan blue did not show loss of cell viability and.there 
was no cell detachment from the monolayer. This demon- 
strates that IL-8 induction is not due to cell products re- 
leased from lysing cells, but rather a biological response to 
anoxic stress. Furthermore, the induction was obtained ir- 
respective of the endogenous wild-type or mutant p53 
gene status of the cell lines analyzed (37), suggesting that it 
was not linked to hypoxia-induced p53 (38). This is partic- 
ularly relevant since consensus binding sites for the p53 



transcription factor (39) are present in the IL-8 gene. To 
directly evaluate whether WTp53 could increase IL-8 
mRNA levels, we used a clone of glioblastoma cell line 
T98G in which WTp53 expression can be conditionally 
induced by dexamethasone (40). No difference in IL-8 
mRNA content was found in p53-induced and nonin- 
duced cells by Northern blotting (not shown) . 

The biological relevance of IL-8 expression in glioblas- 
toma depends on the presence of cells with receptors capa- 
ble of binding IL-8. Therefore, we evaluated whether IL-8 
might have autocrine and/or paracrine functions in vivo. 
First, we examined CXCR1, CXCR2, and DARC mRNA 
expression by RT/PCR. CXCR1 mRNA was found in 5 
of 5 grade II, 1 of 7 grade HI, and 8 of 12 grade IV astrocy- 
toma. CXCR2 mRNA was found in 5 of 5 grade II, 6 of 7 
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Figure 5. Detection of IL-8-binding re- 
ceptors CXCR1 and CXCR2 mRNAs in 
glioblastoma sections by in situ hybridization. 
{A-Q Antisense CXCR1 cRNA probe. (E 
and f) negative control sense CXCRl cRNA 
probe, {G-fj antisense CXCR2 cRNA 
probe, (K) negative control sense CXCR2 
cRNA probe. Sections were derived From 
glioblastoma No. 921 for A and G (bright 
field) and B and H (dark field), glioblastoma 
No. 892 for C and E (bright field) and D and 
F (dark field), and glioblastoma No. 882 for / 
(bright field), / and K (dark field). Immuno- 
histochemistry with an anti-GFAP antibody 
was used for sections A and B {A, red filaments, 
and B, green-brown filaments) and with an anti- 
smooth muscle actin antibody for E and F. 
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grade III, and 11 of 12 grade IV. DARC mRNA; was 
found in 3 of 5 grade II, 5 of 7 grade III, and \Q of 12 grade 
IV (results not shown). This suggested that lL-8 may serve 
a biological function during the progression of human' as- 
trocytoma in vivo, either on tumor cells or on accessory cells. 
Next, we examined which cell types expressed IL-8-bind- 
ing receptors in vivo by immunohistochemistry (represen- 
tative stainings are shown in Fig. 4). Very interestihgly, 
DARC was specifically expressed: by microvascular ceHs in 
5 of 6 grade II, 5 of 6 grade III, and 14 of 19 grade IV as- 
trocytomas (Fig. 4 A) with a staining pattern similar td the 
one obtained for factor VIII, a microvascular marker (Fig. 4 
B). DARC expression was also present on 5 of 5 nqntu- 
moral brains (Fig. 4 Q. Control stainings with preimrhune 
serum was negative on all samples (Fig. 4 D). In contrast, 
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for both CXCRl and CXCR2, isolated positive cells were 
found surrounding blood vessels. For CXCRl, 2 of 9 
grade II, 1 of 3 grade III, and 5 of 18 grade IV were posi- 
tive (Fig. 4 £), and for CXCR2, 1 of 9 grade II, 0 of 3 
grade III, and 5 of 18 grade IV (Fig. 4 G). Staining of adja- 
cent sections for CD 3, a specific marker of T lymphocytes 
(Fig. 4 F) t and CD15, a macrophage marker (not shown), 
showed infiltrates in these areas, suggesting expression by a 
subset of T lymphocytes and/ or macrophages. Unfrequently , 
numerous CXCR2 positive cells were found close to ne- 
crosis (Fig. 4 H). 

To confirm the CXCRl- and CXCR2 -expressing cells 
detected by immunohistochemistry, we performed in situ 
hybridization on three glioblastomas. Specific signals for 
both CXCRl (Fig. 5, A-D) and CXCR2 (Fig. 5, G-J) 



mRNAs were found on small isolated cells surrounding 
vessels, with a morphology compatible with lymphoid or 
myeloid infiltrates. Double staining with an anti-GF^P an- 
tibody failed to associate these cells with GFAP filaments 
(Fig. 5 A). Control with sense probes for CXCR1 (fig. 5, 
E and F) and CXCR2 (Fig. 5 K) were negative. These data 
are consistent with expression by infiltrating leukocytes and 
confirm immunostaining results. # 

Discussion 

Morphological examination of the malignant progression 
of astrocytoma shows that the transition to the most .rYialig- 
nant form (glioblastoma) is defined by the appearance of 
necrosis (1). It is intriguing that a decrease in physiological 
oxygen pressure, ultimately lethal to tumor cells, coincides 
with maximal tumor aggressiveness. This raises the>.ques- 
tion as to whether the hypoxic/ischemic conditions in- 
creasing at this stage are a consequence or a cause of in- 
creased malignancy. The appearance of necrosis is also 
closely associated with the ultimate changes in the angio- 
genic phenotype of . glioblastoma. The mRNA for VEGF. 
an endothelial -specific angiogenic mitogen, is upregulated 
by hypoxia in glioma cells in vitro and is overexpressed in 
cells lining necrotic areas in vivo (41, 42, 36). VEGF recep- 
tor type 2 mRNA is upregulated on endothelial cells in 
glioblastoma, and studies with animal models of glioma 
have shown that vessel development and tumor growth 
were partially inhibited by anti-VEGF antibodies^ (43), 
overexpression of a dominant negative VEGF receptor 
mutant (44), or antisense VEGF gene constructs (45, 46). 
These results demonstrate that hypoxic regulation of YEGF 
is of biological consequence for the angiogenic phenotype 
associated with the transition to the most malignant form of 
astrocytoma. The factors inducing neovascularization- in the 
early phases of astrocytoma development are less weft char- 
acterized (3). The presence of residual tumor upon. anti- 
VEGF treatment further suggests that more than one factor 
ensures angiogenic supply to support astrocytoma growth. 

Finally, because astrocytoma cells also secrete angiogenic 
inhibitors (47) and cytokines such as IL-6 (30) or leukemia 
inhibitory factor (LIF) (our unpublished remits) with* anti- 
angiogenic properties (48), the final angiogenic response 
will be determined by the balance betwejen positive and 
negative regulators (2) , 

Here we demonstrate that IL-8, another soluble biologi- 
cal mediator with angiogenic and chemotactic properties, is 
upregulated in cells surrounding necrosis in glioblastoma 
and that IL-8-binding receptors are concomitantly ex- 
pressed in vivo. IL-8 is the best studied member of the 
chemokines, a class of cytokines extensively analyzed for 
their ability to attract and activate leukocytes during in- 
flammation (see review in reference 13). It has previously 
been demonstrated that upon induction by inflammatory 
cytokines IL-1 and TNF astrocytoma cells release a variety 
of cytokines in vitro, including biologically active IL-£ (see 
review in reference 49). In vivo, it was unclear whether cy- 
tokine expression resulted from indirect induction by tu- 



mor-related inflammatory responses or was directly linked 
to tumor growth and progression. 

We now confirm the presence of IL-8 expression in as- 
trocytoma and show that it is likely to occur by two dis- 
tinct mechanisms during the progression of astrocytoma. 
Initial upregulation may be mediated by stimulatory signals 
such as proinflammatory cytokines (e.g., IL-1 or TNF), 
which induce IL-8 in astrocytoma cells in vitro and can be 
present in glioma, in glioma-associated cyst fluid, and in 
cerebrospinal fluid derived from glioma patients (see re- 
view in reference 49). Later in disease progression, strong 
IL-8 upregulation is observed in cells surrounding necrotic 
areas in glioblastoma, suggesting further induction by hy- 
poxia/ischemia. This hypothesis was sustained by increased 
IL-8 mRNA and protein expression upon in vitro expo- 
sure of glioblastoma cells to anoxia as monolayer cultures 
or in the central necrosis of three-dimensional spheroids. 
These experiments further showed that this increase was 
not dependent on nontumoral accessory cells or on stimu- 
lation by factors released by dying tumor cells. Thus, IL-8 
increase in late stage astrocytoma is most likely to be due to 
physiological changes in oxygen pressure occurring during 
tumor growth, although we cannot exclude participation 
of accessory cells such as macrophages, microglia, or reac- 
tive astrocytes in vivo. 

The influence of altered oxygen concentrations on IL-8 
expression has previously been demonstrated in the context 
of ischemia reperfusion. Human umbilical vein endothelial 
cells were shown to upregulate IL-8 during hypoxia (50) as 
were monocytes during reoxygenation (51). Here, we 
show that similar IL-8-inducing events may occur in the 
pathologic process of cancer. Tumor cells and/ or tumor-infil- 
trating macrophages or microglia upregulate IL-8 expres- 
sion which may play important functions in tumor angio- 
genesis and tumor immune interactions through paracrine 
stimulation of cognate receptors. Upregulation of IL-8 in tu- 
mor endothelial cells was not observed in astrocytoma, and 
may reflect differences in endothelial subtypes, the abnor- 
mal structure of the tumor endothelium, as well as tissue 
environment (12) or rapid internalization after binding to 
DARC (52). 

IL-8 induction is relevant to the biology of the tumor 
since we detected the expression of IL-8 receptor mRNA 
and protein. Tumor cells did not express IL-8 receptors in 
vivo demonstrating that IL-8 does not participate in an au- 
tocrine growth regulatory loop mediated by any of these 
three receptors. However, IL-8 receptor expression pattern 
suggests two functions for IL-8 in astrocytoma. 

First, the constitutive expression of the DARC receptor 
on normal brain and tumor microvasculature supports an 
angiogenic function for IL-8 in astrocytoma. This is sus- 
tained by a recent report in which the angiogenic factors 
present in the supernatant of glioma cell lines were evalu- 
ated in an in vitro angiogenic assay using human microvas- 
cular endothelial cells. The authors showed with antibody 
neutralization assays that the angiogenic response was pri- 
marily due to IL-8 or the combination of VEGF and 
bFGF, depending on the cell line analyzed (53). Clearly, 



1 208 Upregulation of IL-8 by Oxygen -deprived Cells in Glioblastoma 



s 



further in vivo studies will have to establish whether"IL-8 
and other angiogenic chemokines are essential contributors 
to the angiogenic response seen in astrocytoma, whether 
this response is mediated by DARC, and whether they act 
in synergy with VEGF or represent alternative angiogenic 
routes. This is, to our knowledge, the first report of DARC 
expression on tumor vasculature. The presence of DARC 
on normal endothelial cells lining postcapillary venules in 
kidney, spleen, lung, and brain (32, 29, &4}f cells poten- 
tially constitutively responsive to IL-8, may implicate 
DARC in early tumor angiogenesis. It is noteworthy .that 
this vascular staining is not the result of vessel cell or extra- 
cellular matrix binding of DARC released -from erythro- 
cytes, since this staining was maintained in individuals lack- 
ing erythroid DARC gene expression, due to a mutation 
disrupting a binding site for the GATA1 erythroid ^tran- 
scription factor in the DARC gene promoter (52, 55) ..^Fur- 
thermore, these results designate DARC as a prime candi- 
date endothelial receptor to explain endothelial cell binding 
and direct angiogenic responses mediated by IL-8 (20-22, 
56, 57). This should stimulate the deciphering of the 
downstream effector mechanisms, likely the demonstration 
that DARC elicits an intracellular signal upon ligand bind- 
ing in microvascular cells. Lasdy, due to the promiscuous 
nature of the DARC receptor, a variety of C-C and C7X-C 
chemokines expressed by astrocytoma (see review in refer- 
ence 49) may bind tumor microvascular cells. The conver- 
gence of a large panel of potentially angiogenic cytokines 
(58) in the use of a single microvascular receptor, might 
designate DARC as a target of choice for therapeutic inter- 
ference at what might become the "Achilles* heel" of 
chemokine redundancy. 

Second, the expression of CXCR1 and CXCR2 on a 
subset of infiltrating lymphoid and/ or myeloid cells is com- 
patible with a role for IL-8 as chemotactic and activating 
agent for leukocytes in astrocytoma, as suggested in other 
systems (14, 15, 17-19). It will be of interest to further 
characterize this leukocyte subset and to study its function 



in the tumor immune system relationship and as an indirect 
elicitor of angiogenesis through cytokine release (59, 60). It 
should also be mentioned that if IL-8 chemoattracts T lym- 
phocytes, other astrocytoma-expressed leukocyte chemoat- 
tractants, such as MCP-1 (11, 61) are certainly involved, 
since CXCR1 and CXCR2 expression was found on only 
a fraction of leukocytic infiltrates. The reasons for the rare 
occurence of neutrophils in astrocytoma/glioblastoma de- 
spite functional IL-8 inducing signals are unknown and 
were previously discussed (12). Additional hypotheses in- 
clude inappropriate expression of homing signals, such as 
specific selectins (62), potential killing of Fas-expressing 
neutrophils (63) by Fas ligand expressed by tumor cells (64, 
65), disappearance/physiological downregulation by recep- 
tor desensitization (66), excessive release of IL-8 in circulation 
leading to saturation (67), or inactivation of chemoattrac- 
tant ability due to cleavage by aminopeptidase N (CD 13) (68) . 

In conclusion, our results support a model where early in 
astrocytoma development tumor-related inflammatory re- 
sponses trigger IL-8 and VEGF release. This would elicit 
direct and/or indirect angiogenic responses through bind- 
ing of IL-8 to the DARC receptor expressed constitutively 
on brain microvascular cells and CXCR1 and CXCR2 re- 
ceptors on leukocytes. Chemoattracted leukocytes infiltrate 
the tumor and their activation induces release of cell prod- 
ucts/ cytokines with angiogenic potential. VEGF release in- 
duced by inflammatory signals might exert its first action 
when VEGFR1 expression appears in low grade astrocy- 
toma (3). Later in astrocytoma progression and in de novo 
glioblastoma, induction of IL-8 and VEGF production by 
reduced oxygen pressure and appearance of expression of 
VEGFR2 (3) would further contribute, besides other fac- 
tors, to the florid microvascular proliferation characteristic 
of glioblastoma. The understanding of the molecular 
mechanisms at the origin of tumor neovascularization, es- 
pecially at early disease stages, should permit the develop- 
ment of new therapeutic modalities targeted at specific an- 
giogenic effectors. 
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Chemokines have been shown to chemoattract and acti- 
vate different leukocyte populations. Here we report the in 
vitro effect of macrophage inflammatory protein (Mir*)- 1 a, 
MIP- 10, regulated on activation, normal T -cells, expressed 
and secreted (RANTES), monocyte chemotactic protein- 1 
(MCP-I), interleukin-8 (IL-8), interferon inducible protein- 10 
(IP- 10), neutrophil-activating peptide-2 (NAP-2), growth- 
related protein (GRO)-a and GRO-7, on the migration of 3 
human breast carcinoma cell lines, MCF-7, T47D and ZR- 
75-1, using a microchemotaxis chamber to assess migration 
across fibronectin-coated polycarbonate membranes. MCF-7 
cells responded chemotactlcally to all chemokines tested in a 
pattern which was dose and time dependent, although re- 
sponses to the different chemokines were variable. ZR-75-1 
responded to MIP- 1 0 and GRO-a, giving maximum migration 
indices of 3.7 and 5.3, respectively, and exhibited a migratory 
response to MIP- 1 a, IL-8 and MCP-I although to a lower 
degree. T47D was unresponsive to the chemokines tested, 
but both MCF-7 and T47D cells bound radiolabeled ligands 
with binding constants (Kd) ranging from 0.6 to 2.2 nM and 
0.6 to 2.1 nM, respectively. The specificity of the chemotactic 
response of MCF-7 to MIP- 1 a and MIP- 10 was confirmed 
using chemokine-specific neutralising antibodies and heat 
denaturation, and was demonstrated to involve G protein and 
cyclic AMP signalling pathways. MIP- 10 and MIP- 1 a were 
shown to induce changes in the organisation of the actin 
cytosketeton and the level of F-actin in MCF-7 cells, as 
determined using flow cytometric analysis and confocal mi- 
croscopy. Our results show that breast carcinoma cells can 
respond to chemokines, and suggests a potential role for 
these molecules in the process of tumour cell migration, 
invasion and metasta-.^. fnt. /. Cancer 7 J .2S7-266, 1997, 
< (997 Wiiey-Uss, hie. 

Chemokines are an ever expanding family of proinflammatory 
cytokines with more than 20 recognised family members, the 
majority showing between 20 and 80% homology in their amino 
at* id sequences and possessing a conserved 4 cysteine residues 
motif (Baggiolini et aL, 1994). The separation into the a and 3 
subfamilies is based on 2 criteria: the presence or the absence, 
respectively, of an intervening amino acid residue located between 
lhe first 2 of the 4 conserved cysteines, and the clustering of genes 
encoding the or and 3 chemokines to human chromosomes 4 and 
i7. respectively. Murine ivmphotacun (Kelner f/ «/.. 1994i and the 
human homologuc SCM I ( Yoshida et at., 1 995) contain only 2 of 
the 4 conserved cysteines found in the other family members and 
constitute a distant third subfamily (the C or y type subfamily). 

All chemokine family members have been shown to induce the 
directional migration of particular inflammatory cell t\pes. includ- 
ing granulocytes, monocytes and lymphocytes (Baggiolini et ( (/.. 
1994). These proteins have also been shown to be aciive over a 
v.ide concentration range and are produced by a varietv of cell 
types in response to primary proinflammatory mediators" such as 
IL-I. tumour necrosis factor-alpha and endotoxins. Unlike the 
classical leukocyte chemoattractants (e.g., C5a and leukotriene B4) 
which show little specificity of responder ceils, chemokines induce 
cell specific recruitment to sites of production (Baggiolini et al.. 
1 994 j. Many of the a chemokines have been shown to induce 
neutrophil migration and activation predominantly, while having 
lntle or no effect on monocytes and macrophages. However, 
several a subfamily members have been shown to act on T-cells, 



melanocytes, smooth muscle cells and keratinocytes (Baggiolini et 
at.. 1994). In contrast. 3 chemokines are for the most part inactive 
on neutrophils but chemoattract and activate monocytes, macro- 
phages, T- and B-lymphocytes and NK cells, as well as eosinophils 
and basophils (Baggiolini etal.. 1994). v v '< 

The molecular basis of tumour cell invasion and migration at 
primary or secondary sites in vi\*o is not fully understood, although 
response to external stimulants is believed to influence the process 
of cell motility (Helman and Thiele. 1991). Alteration in cell-cell 
adhesion and the secretion and activation of proteolytic enzymes 
(Helman and Thiele. 199 1 ) are believed to be essential for optimal 
tumour cell invasion through and across the extracellular barriers, 
and the interaction with chemotactic factors may represent a critical 
step in this process (Helman and Thiele. 1 99 1 ). While it is clear that 
several chemokines regulate leukocyte motility and recruitment 
into inflamed tissue, the spectrum of action of individual chemo- 
kine members on tumour cell behaviour remains to be defined. 
Wang et at. (1990) reported that IL-8 induces the hupiotactic 
migration of A2058 human melanoma cells in vitro while other 
groups have alluded to the influence of chemokines on tumour cell 
proliferation (Laning et at., 1994) and tumour angiogenesis (Stri- 
cter et aL. 1995). as well as the production of chemokines by 
tumour cells (Negus et aL 1 995). In particular, the production of a 
broad range of chemokines by invasive tumour cells has been the 
basis of a model of passive counter current invasion (Opdenakker 
and van Damme. \992a,b). In this model human cell-derived 
chemokines attract and activate leukocytes and these, in turn, 
degrade the extracellular matrix and indirectly promote tumour cell 
migration toward blood vessels (Opdenakker and van Damme, 
\992a,b). The results of the present study demonstrate that a broad 
range of chemokines. but especially those belonging to the 3 
chemokine subfamily induce the migration of breast cancer cell 
lines i/i vitro. These data infer a potential role for chemokines as 
co-factors involved in tumour cell motility /migration, possibly 
representing a rate-limiting step in the metastatic cascade. 

MATERIAL AND METHODS 

Cells 

MCF-7, T47D and ZR-75-1 human breast carcinoma eel! lines 
were used. The MCF-7 cell line was isolated from a pleural 

elfuMon of a 69- year-old female patient with melaMrtic mi'v 

carcinoma (Soule et aL, 1973); it retains a number of properties 
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expressed by breast epithelium in rim e.g., the cytoplasmic 
estrogen receptor and the capacity of forming domes. The T47D 
cell line was derived from the pleural effusion of a 54-year-old 
patient with disseminated carcinoma of the breast (Kevdar et <//.. 
1978). and ZR-75-1 was derived from a malignant ascitic effusion 
in a 63-year-old woman (Engel et aL 1978). These lines are 
we 1 1 -differentiated epithelial cell lines, and all contain 4 classes of 
hormone receptor (Sommers et aL 1994). All cell lines were 
cultured in Dulbecco's modified Eagle's medium (Life Technolo- 
gies. Paisley. UK), supplemented with 10% FCS (Life Technolo- 
gies) at 37°C in a 5% CO? and 95% air humidified atmosphere. 

The chemokines used in the study were human recombinant 
forms obtained from Preprotech (Rocky Hills, MD) and R&O 
Systems (Minneapolis, MN). 

Cell migrarion assay 

Tumour cells were assessed for migratory ability using a 48- well 
microchemotaxis chamber (Neuroprobe, Cabin John, MD). The 
chemoattractant (serum or chemokine) was added to the lower 
wells, overlaid with a fibronectin (Sigma, Poole, UK) coated 8 urn 
pore polyvinylpyrrolidone-coated polycarbonate membrane (Neu- 
roprobe). Membranes were coated with tibronectin for 2 hr at 37°C 
using a concentration of 6.5 ug/ml: 50 ul of a cell suspension 
containing 3 X JO 5 cells/ml were added to each of the upper wells 
and the chamber incubated for 5 hr at 37°C in a humidified 
atmosphere of 5% C0 2 . The non-migrated cells were removed 
from the upper surface of the membrane by gently wipin« the 
surface and the cells attached to the lower surface of the membrane, 
fixed with methanol (BDH, Lutterworth. UK), stained with Harris* 
haematoxylin (Life Technologies) and then counted usins licht 
microscopy. " ° 

To determine the specificity of the response to the chemokines, 
neutralising anti-MIP-la and -MIP-lp antibodies (50 ug/mlj 
(R&D Systems) were used; antibodies were mixed with the 
chemokines just prior to use in the assay. Heat denaturation studies 
were also performed by incubating MlP-la and MIP-lp in a 
boiling water bath for 30 min before addition to the lower wells of 
the ehemotaxis chamber (data not shown). 

To distinguish ehemotaxis from chemokinesis. a checkerboard 
assay (in which varying concentrations of chemokine are added to 
the upper well only, the lower well only or both the upper and lower 
wells) was used. If cell movement was present only in the presence 
of a concentration gradient, this migration was considered to be 
ehemotaxis. 

Pertussis and cholera toxin treatment 

Prior to assessment of tumour cell migration, cells were treated 
with various concentrations of PTx or" CTx (0.1-1.000 ng/ml) 
(Sigma) for 90 min at 37°C. Cells were then washed twice with 
serum-free media, re-suspended at 3 x jf>< cells/ml and then placed 
in the upper wells of the ehemotactie chamber. The effect of PTx on 
MlP-iu-. MIP-ip- and RANTES- induced migration, as well as 
CTx on MIP-iu- and MIP-lp- induced migration, was assessed. 

Chemokine binding assays 

Binding conditions for M1P- la. MIP-ip. RANTES. MCP- 1 and 
IL-8 were carried out as previously described (Wane et a/. t 1993). 
Chemokine binding was carried oui as follows: 2 X 10'' cells! 
cultured overnight in serum-free medium to synchronize the 
tumour cell populations, were incubated in duplicate with increas- 
ing concentrations of '^-labeled chemokines in a modified 
binding medium (RPMI 1640 containing l ms/ml of BSA. 25 m.M 
HEPES and 0.05% sodium a/ide. pH 7.4) in a total volume of 200 
ul. The residua^ non-specific binding was determined by parallel 
incubation of '-^-labeled chemokine in the presence of 100-fold 
excess of unlabeled ("cold") chemokine. After incubation at 4°C 
for 90 min. the cells were pelleted through a \0% sucrose/PBS 
cushion. The tips of the tubes containing cells were cut, and 
radioactivity was determined on a gamma counter. The residual 
non-specific bound radioactivity associated with cells in the 



presence of unlabeled chemokine was subtracted from the tor' 
bound radioactivity to yield specific binding The data wei® 
analyzed using the Biosoft (Edinburgh. UK) RADL1G prograr 
The displacement curves for ,:s l-ehemokines to MCF-7 and T47 
cells were generated by incubating these tumour cells withW 
constant concentration of radiolabeled chemokine for 2 hr at 4°C m 
the presence of increasing concentrations of unlabeled ligands ~ 
cells were then pelleted through a sucrose cushion and me 
radioactivity associated with cell pellets determined (data ndt 
shown). Wl 

Actin polymerisation assays 

Assessment by confacal microscopy. Cells were seeded 
fibronectin-coated glass coverslips in 6-well tissue culture pla 
for 30 min and then incubated with MIP-ip (1 ng/ml) or w. 
0.01% BSA (Sigma) for 5. 15, 30 and 45 min at 37°C irf 
humidified atmosphere of 5% CO : . Cells were then washed wit£ 
PBS and fixed with 3% paraformaldehyde (BDH) for 20 min at 
room temperature (RT). The coverslips were then placed in acetonl 
(BDH) for 5 min at -20°C and then washed with PBS 3X Cel]4* 
were then incubated in TRITC- label led phalloidin (200 ng/rnl)^ 
(Sigma) for 45 min at RT. Cells were washed with PBS and distilled^ 
water 3X and the coverslips mounted using slvcerol/PBS (1*1)^ 
Cells were visualised using a confocai microscope. 

Assessment by flow cytometry'. Cells were prepared for flow 1 
cytometric analysis to quantitate the changes in staining with-. 
FITC-labelled phalloidin (a specific F-actin label) (Sigma), follow- f 
tng treatment of cells with the chemokines MlP-la and MIP-ip (1 ' 
ng/ml). Cells were seeded in 6-well plates for 24 hr and then placed 
in serum-free Dulbecco's modified Eagle's medium for 48 hr to 
synchronise the cell population prior to harvesting. Cells were then 

counted (using the Trypan blue exclusion) and re-suspended at 1 X - 
I0 h cells/ml. Cells were treated with chemokine (I no/ml), after f 
which 250 pi of the sample were removed mixed with 250 ui of i 
lysis fixative solution (6% paraformaldehyde containing 200ue/m] £' 
lysophophosphatidylcholine (Sigma) and 1.5 pe/ml FITC-labelled 
phalloidin) and incubated for 20 min at RT. Samples were then ^ 
analysed by flow cytometric analysis usinc a Becton Dickinson * 
(Oxford. UK) FACS Vantage. 

Data analysis 

Significant values were calculated using Siudents / test. Results 
are expressed as either mean number of cells mieratins per 3 wells 
in 5 microscopic fields or as migration index (Ml). 



i * 



1 



Ml = 



number of cells migrating to lest 
number of cells migrating to negative control 




RESULTS 

The ehemotactie response of MCF-7. T47D ami ZR-75- 1 breast 
carcinoma cells in a and p chemokines 

The ehemotactie response of MCF-7 ceils to a and (3 cheimv 
kmes was assessed using a microchemoiaxis chamber after incuba- 
tion for 5 hr ai 37 ? C Time course experiments determined that a 5 
hr incubation was optimal for MCF-7 migration: previous studies 
have reported thai tumour cells require a longer incubation period 
than leukocyte populations tYabkovvitz et aL 1993). Alihouoh 
significant migration of MCF-7 cells was observed with the a and 
P chemokines tested (Fig. la./?), the p chemokines elicited a 
greater ehemotactie response than many of the a chemokines. 
MlP-la (in 5 of 6 experiments), MlP-lp (in 5 of 6 experiments) 
and RANTES (in 6 of 6 experiments) induced significant {p < 0.05) 
migration of MCF-7 cells, with mean micraiion indices of 7 4 it 
2.5. 5.8 ± 2.8 and 8.3 ± 2.8 for M1P- lo^MI?- 1 p and RANTES 
respectively (n = 4) (Fig. ]a). MCP-I induced significant migra- 
tion of MCF-7 cells in 3 of 4 experiments, with a mean MI of 4.5, 
with maximal migration observed with a concentration of 100 
ng/ml. In contrast. MIP-Io and MIP-ip induced optimal miration 
at 1 ng/ml and RANTES at 10 ng/ml (Fig. \a). ° 
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The a chemokines IL-8. IP- 10. NAP-2. GRO-a and GRO-7 also 
induced significant migration of MCF-7 cells (/> < 0.05) in more 
than 5(K5- of the chemotaxis experiments (Fig. \h). However, the 
response was less frequently observed and generally gave a lower 
MI with MCF-7 cells compared with the p chetnokines (Fig. I). 
The optimal concentration of chemokine required for migration 
varied with the individual chemokine (range of 1-100 ng/ml) as 
seen with the £ chemokines. IL-8 elicited a mean migration index 
of 2.5 ± 0.7 at a concentration of 50 ng/ml (n = 4). while NAP-2. 
GRO-a, GRO-7 and IP- 10 achieved mean Mis of 3.4. 2.4. 2.3 and 
2.8. respectively with varying concentrations depending on the 
chemokine (n = 4) (Fig. I). Figure 2 shows MCF-7 cell migration 
to MlP-la. compared with the background migration observed 
using 0. 1% BSA which is used in the storage of the chemokines and 
in dilutent solutions and here as a negative control. BSA at 
concentrations ranging from 0.001 to 0.5% induced similar low 
levels of migration. 

The responses of MCF-7 cells to the a and 0 chemokines were 
compared with those of 2 other breast carcinoma cell lines, 
ZR-75-1 and T47D. ZR-75-1 exhibited a migratory response 
toward MIP- 1 a. MIP- lp. IL-8. MCP- 1 and GRO-a. The mean Mis 
achieved were 3.1 (range. 2.6-3.7) for MIP-Ip and 3.6 (range. 
2.2-5.) for GRO-a. The response to MlP-la. IL-8 and MCP-1 
were of a lower order, giving an Ml of between 2 and 3 (Table I). In 
contrast, the breast cancer line cells T47D did not migrate in 
response to any of the chemokines tested (Table I). Breast 
carcinoma cells of similar origin may therefore show distinct 
migratory patterns 10 specific chemokines. 



Chemotaxis vs. t'henwkhwsis of MCF-7 ceils to MIP- J a 
andMIP-ip 

To discriminate between random motility (chemokinesis) anl 
concentration-dependent cell migration (chemotaxis) to the chemo? 
kines (MlP-la and MIP-lpK checkerboard analysis was pe£ 
formed, by adding chemokine to either the upper or lower chambeill 
or to both chambers of the chemotaxis plate (n = 3). using if 

TABLE I - SUMMARY OH MCF-7. T47D AND ZR.7.S-I BRK.AST CARCINOMA CELL? 

MIGRATION TO a AND (J CHEMOKINES' ** 



Chemokine 



Chcntaiueuc response ol cell lines-* 



MCF-7 



T47D 



Zr-75-| 



MIP- 1 a 

MIP- IP 

RANTES 

MCP- 1 

IL-8 

NAP-2 

GRO-a 

GRO-7 

IP-10 



+ + 
+ + 
+ 

+ 
+ 



+ 

+ + 

+ 
+ 

+ + 



'The chemotactic response of MCF-7 cells was compared with that 
of 2 other breast carcinoma cell lines. T47D and ZR-75- 1 .-^The 
following was used to indicate the in vitro response of the cells to 
chemokines: -: no response; + : 2- 10 3-fold increase in migration 
above background; + +: > 3-fold increase in migration (above back- 
ground). 
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Figure 2. - Migration of MCF-7 cells to 0. 1 9f BSA and MlP-la. MCF-7 cell migration to 0. 1 9c BSA ia and Z?) and to MlP-la 1 ne/ml (c and c/} 
are shown to illustrate the level oi migration induced by MIP- la usinu a 48- well microchemotaxis chamber (see Material and Methods) Similar 
migration was observed using MlP-lp. 1 ng/ml and RAhJTES. 10 na/ml. Scale bars: a and c: 10pm; b and d- 2 5 pm 
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v .>ntvntralion range of 0.01-1 ng/ml. The results shown in Table II 
(topi demonstrate that MIP- la induces MCF-7 migration in a dose- 
and gradient -dependent manner. The presence of MIP- 1 a in both 
the upper and lower chamber abrogated MCF-7 cell migration, 
confirming that the majority of the migration of M£F-7 cells to 
MIP- 1« was chemotaxis and concentration gradieni dependent. 
MIP- 1 P-induced MCF-7 cell migration was Inhibited when the 
concentration in the upper well was higher than in the lower well, 
but not when both wells contained a similar MIP-ip concentration 
t Table 11 t bottom)). These experiments show that chemokine 
migratory responses rely in part on the presence of a concentration 
gradient, although this may not always be the case. 

Specificity ofchenwUne-induced MCF-7 cell migration 

The specificity of MIP- la- and MIP- 1 P-induced MCF-7 cell 
migration was investigated using neutralising concentrations of 
affinity-purified anti-MlP-la and -MIP-ip antibody to inhibit the 
response. MlP-lot and MIP-ip (0.1-10 ng/ml) and polyclonal 
antibody to MIP- 1 a and MIP-ip (50 pg/ml) were mixed prior to 
addition to the wells of the lower chamber. The results (Figure 3) 
demonstrate that MCF-7 cell migration was significantly inhibited 
toward all concentrations of MIP-ip in the presence of anti- 
MlPl-p antibody. Similar results were observed with MIP- la (data 
not shown). The presence of a control antibody did not inhibit the 
chemotactic response to either MIP- la or MIP- 1 p. These results 
provide additional evidence that MIP- la- and MIP- 1 p-induced 
migration of MCF-7 cells is not random and is chemokine specific. 
Similarly, inactivation of MIP- 1 a and MIP-lp by boiling for 30 
min abrogated their ability to induce MCF-7 cell chemotaxis (data 
not shown). 

PTx and CTx inhibit chemokine-indnced MCF-7 cell migration 

Previous studies have demonstrated that both PTx and CTx can 
inhibit chemokine-induced leukocyte migration in vitro (Sozzani et 
ul.. 1995). Prior to assay for chemotaxis. MCF-7 cells were 
incubated with either CTx or PTx (concentration ramie. 0.1-1.000 
ng/ml) in serum-free medium for 90 min at 37°C. The cells were 
washed twice and assayed for chemotaxis toward MIP-ip and 
MIP- la (I ng/ml) and R ANTES (10 ng/ml). Both PTx and CTx 
inhibited the MIP- 1 a- and MIP- 1 p-induced chemotaxis of MCF-7 
cells (Fig. 4a Jk n = 3). Trie 1C«,, (concentration causing a 50*^- 
reduction in number of migrating cells) forboih toxins was 7 ng/ml 
for MIP- 1 p-induced migration, and 0.3 and 0.1 ng/ml for MlP-la- 
induced migration with PTx and CTx. respectively. PTx was also 
shown to inhibil RANTES-induced migration of MCF-7 cells with 
an ICtti of 0.08ng/ml. Medium-treated control cells responded to 
MIP- la. MIP-lp and R ANTES in all experiments, and back- 
ground migration to O.lCf BSA was 18*3 cells per 5 hieh power . 



TABU: tl WRKTIONM. MIGRATION .('IIF-MOl VMS I AND ISCKI-ASKD 
MOTILITY irHI:MOKINt:SIS,hF MO- Chi AS T( » Mil*- 1 a AND M IF* 1(3 
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C« tlKi'lt* 

iniiiun. 
ini*Anli 

MIP- la 
0 

0.01 
0.1 

I 

MIP- 1 [3 
0 

0.0] 

0.1 

) 



G-fKcnlruiMii iii lower well hi-*/ nil I 



0 



•lit] 



0 1 



12.0 ~ 
16.7 r 
13.3 ± 
X.3 - 

9.5 ± 
9.3 - 
10.5 * 
6.0 z 



2.0 21.7 
3.2 12.3 



2.1 

3.5 



5.7 
17.0 



7.0 
2.1 
1.2 
2.0 



10.7 
10.5 
5.3 
11.7 



1.2 

7.8 
2.5 
3.2 



50.7 
41.0 
2S.0 
20.0 



0.7 4S.0 
3.4 24.0 
2.1 10.7 
3.6 1 1.0 



7.8** 38.7 
8.5* 17.7 
3.2 43.7 
2.0 12.5 



13.6* 49.5 
2.1" 35.0 
16.4* 92.3 
4.V- 56.3 



13.3* 
1.7** 
2J.7 
2.8 

13.4** 
5.7^ 
28.7" * 
8.1** 



'Data are expressed as mean number of migrated cells per 5 fields 
( ±SD) after 5 hr incubation <n = 2). 

*Significam (p < 0.05) migration of MCF7 cells across ihe mem- 
brane compared wuh control migration in the absence of chemokine - 
♦•Significant </> <0.0I) migration of MCF7 cells across the mem- 
brane compared with control migration in the absence of chemokine 



helds. PTx and CTx (0.5- lug/ml) were not toxic to MCF-7 cells 
assessed alter a 90 min incubation, using the Trypan blue exclusion 
test. These results suggest that the response of MCF-7 cells to B 
chemokines is active utilising receptors which signal both G 
protein and adenylate eyclase-dependent pathways. 

Both MCF-7 and T47D cells express a and 0 chemokine binding 
sites on their cell surface 

Ligand binding studies were used to demonstrate chemokine 
binding to tumour cell surface receptors, and Scatchard analysis 
was performed on the results to assess receptor affinity and 
numbers. The results (Table HI) for MCF-7 demonstrate the 
presence of significant numbers of high-affinity (Kd between 0.6 
and 2.2 nM) specific binding sites for MIP- 1 a, MIP-ip, RANTES, 
MCP-1 and IL-8. In agreement with the chemotaxis results, MCF-7 
cells appear to express higher levels of MIP- 1 ^-specific binding 
sues (number per cell = 1.843-2,232), and in addition similar 
numbers of IL-8 binding sites (1,894-2,250, Kd = 1,8-2.2 nM), 
although the chemotactic response to IL-8 is weaker than that to 
MIP-ip. Through displacement analysis, this IL-8 receptor appears 
to be the promiscuous receptor type B as ,25 I-IL-8 binding can be 
completely displaced by GRO-a and NAP-2 (data not shown), both 
or which induced similar levels of migration as that seen with IL-8. 

Similarly. T47D cells also express high levels of high-affinity a 
and P ehemokine-specific binding sites on their cell surface (Table 
III). However, while this cell line expresses similar levels of 
chemokine binding sites to that of MCF-7 cells, T47D cells do not 
migrate in response to the a and p chemokines in vitro. In addition, 
both cell lines express similar levels of integrin molecules on their 
surlace. in particular VLA-5, CD 18, CD28 and to a lesser extent 
VLA-4 (data not shown). These results suggest that the expression 
of ehemokine-specific binding sites on the cell surface of a tumour 
cell does not necessarily predict their ability to migrate. 

Effect of MIP- 1 or and MiP-ip on the actin cvtoskeieton 
organisation in MCF-7 cells 

The effect of MIP- 1 a and MIP-ip (1 ng/ml) on the F-actin 
content ol MCF-7 cells was investigated using flow cytometry 
which allowed us to quantitate FITC-labelled phalloidin stainin« 
lollowing treatment with each chemokine. The fluorescence intend 
sity of the cytoskeletal staining with FITC-labelled phalloidin may 
be taken as a measure of the relative content of F-actin. In 4 of 6 
experiments, a significant increase in the level of cytoskeletal 
staining was observed after treatment for I min with MIP-ip (Fig. 
:>). Figure 5 shows the results of 3 assavs in which the level of 
F-actin expression following MIP-lp treatment was increased and 
sustained during the 30 min observation period. However, the lime 
course ol this response was variable, and a 4th experiment showed 
a gradual decline to background expression 20 min followin» 
treatment of the cells with MIP-lp (data not shown j. MIP- la also/ 
increased the F actin staining in A of 5 experiments, hui the level of 
the response was less than that produced bv MIP-ip (data not 
shown). Studies using confocal microscopy indicate that there is 
also a redistribution of the F-actin within the cell, after treatment 
with MIP-ip for 45 min (Fig. 6«./». Intense F-actin staining was 
visible lollowing treatment near the periphery of the cells and in 
most cases was polarised toward one side of the cell (Fi<\ ba.b). 



DISCUSSION 

Chemokines are a rapidly expanding superfamily of inflamma- 
tory cytokines, and their relevance in promoting leukocyte migra- 
tion to sites of inflammation is becoming increasingly apparent 
(Baggiolini et al. t 1994). Our findings suggest that this family of 
proteins may also play a prominent role in tumour cell migration 
which could result in enhanced invasive and metastatic propensity. 
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Figure 3, - Neutralisation of MIP- 1 p- induced migration with anti-MIP- 1 p antibodies. MCF-7 cell migration induced by MIP- IB was assessed 
in the presence and absence of antibody to MIP- 1 p. Chemokine (0.01-0. 1 ng/ml) and amibodv <50 us/mO were mixed just prior to addition to the 
lower wells ot the chemotaxis chamber. Data are expressed as the mean number of cells per 5 hiah power fields for triplicate wells in four 
experiments < ±SD). Similar results were obtained with the MIP- 1 a antibody. 



A 48-well chemotaxis chamber was used to study the migratory 
responses of 3 human breast carcinoma cell lines (across a 
fibronectin-coated polycarbonate membrane) to a and p chemo- 
kines. Fibronectin-coated membranes were used to facilitate the 
presentation of the chemokines to the tumour cells, since haptota.x- 
lis data with MCF-7 cells demonstrates that matrix-bound chemo- 
kines are more effective than soluble chemokines (data not shown) 
and aid in inlegrin-mediated adhesion and de-adhesion. As chemo- 
kines arc known to alter the avidity of integrin molecules for their 
ligands (here fibronectin). adding fibroneclin to the assay permits 
uropod formation and the development of a leading edge. 

The MCF-7 cell line was established from a well-differentiated 
epithelial breast carcinoma and retains many of the properties of 
normal breast epithelial cells (Soule et at.. 1973). This line 
exhibited a significant chemoiactic response to both the a and p 
chemokines in our current study. MIP- la. MIP-lp and RANTES 
were the most potent inducers of MCF-7 cell migration, while 
MCP-I and many of the a chemokines elicited a significant but 
lower chemoiactic response Previous studies using 1L-8 and 
GRO-a were shown to induct- the haptotactic migration of human 
melanoma cells in vitro (Warn; ci at.. 1990}. but in the present 
study, a lower order of migration was observed to the a chemokines 
compared with the responses elicited by the p chemokines. The 
migratory response of MCF-7 ceIN to MIP-la and MIP- 10 
appeared to be due to chemotaxis. although in some instances with 
M!P-lp some migration was found to be due to random motility. 
Migration induced by MIP-la and MIP- 1 3 was also shown to be 
chemokine specific using antibody neutralisation analysis and 
through protein denaturation studies. 

By using bacterial toxin> we have shown that intoxication with 
PTx and CTx inhibited the migration of MCF-7 cells in response to 
MIP-la. MIP-ip and RANTES. These toxins are known to 
ADP-ribosylate the a subunits of various G proteins, resulting in. 
modification of these proteins, and ii has previously been shown 
that both these toxins inhibit the chemokine-mediated migratory 
response of many cell types (Sozzani et at., 1995). These "results 
lead us to conclude that chemokine receptor-mediated cell signal- 



ling of MCF-7 cells in response to the P chemokines involves 
G-proteins and adenylate cyclase-dcpendent pathways, similar to 
other cell types (Sozzani et at., 1995). 

The chemoiactic responses of MCF-7 cells to the a and p 
chemokines was compared with that of 2 other breast carcinoma 
cell lines. T47D and 2R-75- 1 . All 3 of these breast cancer cell lines 
are similar in that they were all derived from well-differentiated 
epithelial tumours (determined due to their high expression of 
caienins and lower expression of vimentin; Sommers et at.. 1994) 
and contain 4 classes of steroid hormone receptor |MCF-7 and 
2R-75-I have been shown to be hormonally responsive (Engel et 

. at.. 1 978; Soule et at.. 1973)]. Their chemoiactic responses to the a 
and P chemokines were varied. T47D cells failed to respond to any 

'-*of the chemokines tested (with less than 20 cells present per 5 high 
power fields with any of the chemoiactic factors used). 2R-7.VI 
cells exhibited potent migratory responses to MIP- ip and GRO-a. 
giving mean Mis of 3.1 and 3.6, respectively. ZR-75- 1 cells also 
exhibited a response to MIP-la. IL-8 and MCP- 1 although 
showing a lower extent of migration (ML 2-3). but did not respond 
u. RANTES. IP- 10. NAP-2 or CRO-y. These data demonstrate th;it 
ceil lines of similar origin can demonstrate distinct migratory 
patterns to the individual chemokines. 

Appreciable numbers of binding sites for the P chemokines and 
IL-8 were detected on the cell surface of MCF-7 and T47D cells /// 



FlCt.'KK 4. - ia and b). Chemokine-induccd MCF-7 migration is PTx 
and CTX.\ sensitive. Prior to assessment of migration * MCF-7 cells 
were treated with various concentrations ol" either PTx (a) or CTx (b) 
for 90 min at 37'C. The cells were then washed 3x with PBS and 
placed in the upper wells of the chemotaxis chamber: migration lo 
MIP-la. MIP-lp and RANTES was assessed after 5 nr. Background 
migration was 15 * 3.5 with both treatments. Data are expressed as the 
mean number of migrated cells in 5 high power microscopic fields 
(*SD) from a representative experiment. Total number of experiments 
performed = 3. *. Significant {p < 0.05) reduction in MCF-7 cell 
migration following toxin treatment. 
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TXBl.K HI - SCATTHARD ANALYSIS t'HHMOKINH RFCl-ITUR PXPRt-SSION 

BY MCF-7 ANN T47(> TTMOCR CELLS' 



Tumour cvIK 


Chcniokirte- 


Binding >.iicn.VcU 1 


KdtnMr 


No. 


MCF-7 


MlP-la 


645-*) 1 2 


0.8-1,5 


3 




MIP- 10 


1 .843-1232 


0.6-1.2 


3 




R ANTES 


927-1.215 


0.8-1.4 


> 




MCP- 1 


824-1.050 


1.2-1.8 


■» 




IL-8 


1 .894-2.350 


1 .8-2.2 


3 
3 


T47D 


MI P- la 


544-7 1 2 


0.6-1.2 




MlP-ip 


824-1.025 


1. 1-1.9 


3 




R ANTES 


U24-1.3I2 


1.7-2,1 


3 




MCP-I 


1.032-1.436 


0.8-1.1 


3 




IL-8 


2.434-3.235 


0.9-2.0 


2 



MCF-7 and T47D cells were grown overnight in serum-free 
medium prior to performing binding assays to determine receptor 
density and affinity.- : Various concentrations of chemokines labeled 
with '-M were incubated at RT in sodium azide for 90 min. Matching 
replicates contained a I00x excess of unlabeled licands. After 
incubation, the tumour cells were layered on a 10% "sucrose/PBS 
cushion. The tubes were then centrifuged at RT for 30 sec. Both 
supernatant (free) and pelleis (bound) were collected and counted in a 
gamma counter-The number of binding sites per cell and the Kd 
values were analysed by non-linear regression calculated using the 
Biosoft RADL1G program. 
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f ; 5 ' '.. Tim - C anirsc ° , ' c,r ° t ' t 1)1 M'P-10 on the F-aciin content 
ol MCI*-, cell.v To ilcicrminc ihc M1P- 1 3-induced chanties in ih^ 
F-iicun content of MCF-7 ecll>. the cells were stimulated with MIP- ] R 
1 1 ng/mh. after which 250 ul nf the cell suspension was removed and 
mixed with 250 ul o! lysis fixative solution (see Material and Methods) 
lor J) mm. Staining of samples was assessed bv Hou cvirometeric 
analysis. Data are expressed as the median level' of fluorescence as 
detected by the flow eyiomeicr in three experiments (n = 6)' similar 
results wcrre shown for MIP- la -treated MCF-7 cells 



vitro. Human MIP- 1 a. MJP-lp. R.ANTES. MCP- J and IL-K 
receptors have also been detected on a number of leukocytic cell 
populations (So?.zani et «/.. 1995). In the present report we have 
observed that MCF-7 cells express high levels of MIP-Iu. MIP- 1 p. 
R ANTES and MCP-I binJing sites on their cell surface with 
affinities similar to those described for monoevtes (Sozzani et aL. 
1995). Scatchard analyses (data not shown) using these tumour 



cells have demonstrated the presence of only a single cl 
high-affinity binding sites for each of these chemokines. App 
mately 10-15% of the £ chemokine binding to MCF-7 celf 
blocked by the addition of soluble heparin! and thus does 
explain most of the binding observed. Surprisingly, the T47D 
line, which does not migrate in response to the chemokines in vh 
expresses significant levels of a and p chemokine-binding site£ 
the cell surface. This failure to migrate in response to 
chemokines was found not to be due to differences in expression 
integrin molecules since MCF-7 and T47D cells express sinr 
levels of VLA-5, CDI8. CD28 and VLA-4 (data not shown), 
have observed a similar discrepancy with human NK cells (Taub 
aL. 1995) which express IL-8 receptors but do not migrate? 
response to IL-8. These results suggest that chemokine recep 
expression by a particular cell population does not necessj 
result in migration in response to the chemokine, since 
functional status of the receptors will determine if a cell 
respond to a given stimulus. The lack of response seen with T4 
may be due to the presence of non- functional receptors on the 
surface, which bind the protein but do not trigger any signalling 
responses: Studies to determine signalling responses in these ceF* 
stimulated by the chemokines should clarify this point. 

Tumour cell motility is an important step in the intricate procet 
leading to the formation of metastases, and tumour cells demonstrat- 
ing an increased metastastic potential are more motile 
non-metastatic tumour cells or most normal cells (Lester and* 
McCarthy, 1992). Morphological studies of rat sarcoma cells hav 
shown that the structure of the actin network relates to 
malignant potential of cell lines and determines their level w 
motility (Pokorna e / aL. 1 994). In T lymphoma cells (BW5147 cell- 
line), the motility and F-actin content of non-invasive variants have 
been compared with invasive variants, in which a high level of' 
actin polymerisation is a prerequisite for pseudopod formation and 
necessary for infiltration of these cells into tissue ( Vershueren et aL, 
1994). Our data show that there is a significant increase in the levei 
of FITC-lahelled phalloidin staining of MCF-7 cells after treatment 
with MIP- la and MIP-lp (I ng/ml). which is a measure of their 
relative content of F-actin. An overall increase in F-actin staining 
was observed in response to the chemokine treatment, representing 
a recruitment of F-actin to the cell cytoskeleton from a cytoplasmic 
pool of G-actin rather than a redistribution of cyloskeletal F-aciin. 
Results using confocal microscopy indicate thai a redistribution of 
the cyloskeletal F-actin occurs within 45 min. with movement of 
F-actm toward the periphery of the cell in a polarised manner. 
These results indicate that there is a rapid polymerization of F-actin 
following stimulation with MIP- la and MIP-ip. and a redistribu- 
tion of the cyloskeletal actin within cells. 

Studies have been undertaken to evaluate the potential of 
chemokines in promoting tumour rejection. Murine tumours engi- 
neered to express high levels of MCP- 1 show a reduced tumour 
growth /// vivo compared with control non -trans fecied cells (Roll- 
ins and Sunday. 1991), although Hirose w al. (1995) failed lo 
confirm this rinding. and MCP-i translation into cells mav even 
lead io an enhanced tumour take. Additionally. MIP- la and IL-8 
when expressed by tumour cells may supress tumour growth, while 
MIP-2 appears to be ineffective (Hirose et aL 1995). Other results 
also suggest that IL-8 expressed within human tumours may 
enhance leukocyte recruitment into the tissue and promote angio- 
genesis (Strietcr et aL. 1995). The consequences of chemokine 
production within the tumour environment is unclear arid should 
depend on which chemokines are produced, their concentration and 
localisation in the tissue, and appropriately expressed receptors. 
One suggested role of chemokine production within the tumour 
mass is to activate and attract leukocyte subpopulations into the 
tumour mass (Opdenakker and van Damme. 19926). Once there 
they could contribute to the protease load in the tissue and help the 
process of cell invasion. To invade out of primary mass, tumour 
cells must be capable of directional migration; one solution to this 
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Fu.t re 6. - M1P- ip induces changes in the localisation of F-act in with MCF-7 ceils MCF-7 reiu ™*r* , i w ^ i- . 

with MIP-IB H\ed and then <tuineH withTRiTr i-.k-u.* «h.,iL;T7« •!: e ■ ■ ^7 r . ' ceils * ere needed on glass covers hps. stimulated 

« - J~\ . sl :"" ta w m 1 KITC-ljbeled phalloidm (a specihc F-actin label) lor 30 mins. The cells were then washed nnd ihe 

coxershps mounted on glass slides usine 2 ycerol/PBS (I I) Cells were visualised „cina ™„rv. ^ \ Z \ wpsneo _x ana the 

nuclear localisation (a) and cells treated Vith M1P-13 tor 4^ microscope. Control cells demonstrating 

leading edge <t, are shown. These changes were obsefvedin al. th^ Cyl ° plaSm ™* P°^isation toward a 



problem is the proposed passive counter current model of invasion 
and metastasis. This suggests that infiltrating leukocytes create 
channels in the tissue toward blood or lymph vessels as they 
migrate: tumour cells can passively move* along such channels 
(Opdenakkerand van Damme. 1 992//). 

Our results indicate that p chemokincs can induce migration and 
cwoskeletal changes in human breast carcinoma cell lines in vitro 
and suggest a potential role for these molecules in the processes of 
tumour cell migration, invasion and possibly metastasis. A compre- 



hensive evaluation of their biological significance in vivo and their 
association with tumour aggression is in progress. 
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Abstract 

Angiogenesis is a key process in tumor growth and metastasis and is a 
major independent prognostic factor in breast cancer. A range of cyto- 
kines stimulate the tumor neovasculature, and tumor-associated macro- 
phages have been shown recently to produce several important angiogenic 
factors. 

We have quantified macrophage infiltration using thalkley count mor- 
phometry in a series of invasive breast carcinomas to investigate the 
relationship between tumor-associated macrophage infiltration and tumor 
angiogenesis, and prognosis. There was a significant positive correlation 
between high vascular grade and Increased macrophage index (P ~ 0.03), 
and a strong relationship was observed between increased macrophage 
counts and reduced relapse-free survival (P = 0.006) and reduced overall 
survival (P = 0.004) as an independent prognostic variable. These data 
indicate a role for macrophages In angiogenesis and prognosis in breast 
cancer and that this cell type may represent an important target for 
Immunoinhlbitory therapy in breast cancer. 

4 

Introduction 

Angiogenesis is important in tumor growth and metastasis" Recent 
studies have shown microvessel density in tumors to be a major 
prognostic factor in various forms of cancer, including invasive car- 
cinoma of ihe breast. Moreover, high microvessel density gives inde- 

' 4 

pendent prognostic information for both relapse-free and overall 

survival (1). I 

Angiogenesis is a multistep process involving the formation of new 
capillaries from an existing vascular network with remodeling of the 
extracellular matrix, endothelial cell migration and proliferation, cap- 
illary differentiation, and anastomosis. The neovasculature within 
tumors is highly proliferative compared to normal vessels, and several 
factors are known to stimulate angiogenesis, including VEGF, 3 bFGF, 
EGF/transforming growth factor a, TNF-ct, platelet-derived endothe- 
lial cell growth factor/thymidine phosphorylase,* hepatocyte growth 
factor/scatter factor, and insulin-like growth factor I (2). 

In invasive breast carcinomas, the neoplastic" cell population is 
often outnumbered by such stromal cells as TAMs, which can com- 
prise more than 50% of the total tumor mass (3J. It is thought that 
monocytes in the peripheral circulation are recruited to the tumor site 
by the release of the chemotactic cytokines, monocyte chemotactic 
protein-1 (4), CSF-1 (5), granulocyte niacrophage^CSF (6), and VEGF 
(7) by such tumors. Once recruited, monocytes differentiate to be- 



Rcccived R/7/96; accepted 8/28/96. 

The costs of publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked advertisement hi accordance with 
18 U.S.C. Section 1734 solely to indicate this fact. 

1 This project was funded by die Imperial Cancer ResearHi Fund, P. O. Box 123. 
Lincoln's Inn Fields, London WC2A 3PX, England. ? 

7 To whom requests for reprints should be addressed. 

3 The abbreviations used are: VEGF, vascular endothelial cell growth factor. bFCF, 
basic fibroblast growth factor, TNFa, tumor necrosis factor a; CI, confidence interval; 
TAM, tumor-associated macrophage; M$I. macronhage index; CSF, colony-slimulaiing 
lac lor. ER, estrogen receptor; EGF, epidermal growth factor, ECFR. EGF receptor; CVC. 
Outlktey vessel count. 



■ * * 

come TAMs and are modified in the tumor microenvirontnent to 
secrete several growth factors, such as EGF (8), TNF-a (9), VEGF, 
and bFGF (10). 

There are drugs that inhibit macrophage function, such as Lino- 
mide, which is antiangiogenic in vivo but not in vitro (11). This effect 
is mediated by its ability to inhibit both the entry of macrophages into 
tumors and their secretion of TNFa (12). Furthermore, a recent study 
has reported that prolonged immunosuppression reduced the inci- 
dence of breast cancer in a large cohort of patients, suggesting that 
breast cancer is in some way promoted by immune mechanisms (13). 

Collectively, these findings have led to increased interest in the role 
of TAMs in the regulation of tumor development and angiogenesis 
and prompted us to evaluate the relationship between TAM infiltra- 
tion and tumor angiogenesis in a scries of invasive breast carcinomas. 
We also correlated macrophage infiltration with overall and relapse- 
free survival for the same set of patients. To study the relationship 
between angiogenesis and macrophage infiltration, a variation of the 
Chalkley point-counting method for assessment of vascular density 
(14) was employed in a similar fashion to assess the macrophage 
density (M<£I) for each tumor. 

Materials and Methods 

Immunohistochemistry. A consecutive series of 101 breast carcinomas 
was assessed for vascular grade and Mtpt. The endothelial cell marker CD3I 
and the commonly used macrophage marker CD68 were stained immunohis- 
tochcmically using the mouse monoclonal antibodies JC70a (DAKO) and KP1 
(DAKO) on 5-ji.m sections of routinely processed paraffin-embedded biopsies 
to identify blood vessels and macrophages, respectively. The alkaline phos- 
phatase amialkaline phosphatase method was used to amplify the primary 
antibody signal, and the stain was developed using a new fuchsin substrate kit 
(DAKO), yielding an insoluble red reaction product. A hematoxylin nuclear 
counterstain was also applied. 

To evaluate the spatial distribution of macrophage hot spout and their 
relationships to areas of angiogenesis, a subset of 46 cases was double stained 
for CD68 and Von Willebrand factor (formerly factor Vlll-related antigen, an 
endothelial cell marker). Double staining of Von Willebrand factor and CD68 
was achieved using a peroxidase- labeled EPOS rabbit polyclonal antibody 
(identifying blood vessels; DAKO) with the mouse monoclonal antibody KP1 
(identifying macrophages). The peroxidase- labeled anti-Von Willebrand factor 
antibody was applied first; this is a single step method, and 3, 3'-diaminoben- 
zidine (DAKO) was used as the chromogen. yielding an insoluble brown 
reaction product. This was followed by the monoclonal antibody KP1 utilizing 
the standard alkaline phosphatase andalkaline phosphatase method and new 
fuchsin substrate as the chromogen. This produced single sections with blood 
vessels stained brown and macrophages stained red, and a hematoxylin nuclear 
counterstain was also applied. 

ER and EGFR. Estrogen receptor analysis was performed using the 
method described by the European Organization for Research and Treatment 
of Cancer. Breast Cancer Co-operative group (15). Tumors wilh cytoplasmic 
estrogen receptor levels of more than 5 fmol/mg of protein were considered 
positive. The EGFR level was determined using a ligand binding method 
described previously (16). Tumors with an EGFR level of greater than 20 
fmol/mg of protein were considered positive. 
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Vascular and Macrophage Index. Microvesscl density was assessed in 
the three most vascular areas or "hot spots" following a brief scan of the entire 
section at low power. For each area, and eyepiece -mounted 2 5 -point Chalkley 
array graticule was used to assess the vascular grade using a X25 objective 
lens with a X 10 eyepiece as described by Fox et al (14). The mean of the three 
Chalkley counts was used for the subsequent statistical analysis. To assess the 
M<>1, the same Chalkley point-counting method was employed to assess the 
three areas of densest macrophage infiltration. Similar to the method employed 
for vascular enumeration, the Chalkley point array was. rotated so that the 
maximum number of points coincided with stained macrophages, and a count 
was taken. The vascular and macrophage hot spots arc chosen rather than 
random fields, because these areas are thought to be the most biologically 
important regions. 

The double-stained sections were assessed for vascular index and M<J»1 
simultaneously by first scanning the section at low power (ft find the three most 
highly vascularized areas. Each area was then assessed Cor vascularity using 
the Chalkley point array and then immediately assessed for M<M using the 
same method. The section was then scanned again to determine the^ three 
densest areas of macrophage infiltration; each area was trayi assessed for M<pl 
and then assessed immediately for vascularity. V # 

Statistical Analysis, Spearman rank and pairwise corselation were used to 
investigate relationships between continuous patient and «mor van antes, and 
a lc * sl for categorical variables. Survival curves were, plotted using the 
method of Kaplan and Meier, and the log rank test and Co* univariate duration 
model were used to evaluate differences between life tables. A Cox multiva- 
riate proportional hazard model was used to investigate the overall effect of 
patient and tumor variables on survival- The analysis -v(es performed using 
Stata release 3.1 (Stata Corp., College Station. Texas). " 



(a) 



Results 



Correlation of M<£>I with Angiogenesis. Data from the series of 
breast tumors examined was divided by certiles into three catego- 
ries corresponding to low, medium, and high .vascular grade. We 
have reported previously that the upper third group by vascular 
grade has a worsened prognosis when compared to the middle and 
lower groups (14). When comparing the mean hA<f>l for the three 
vascular groups, it was found that the mean M$I for the high- 
vascular grade group was significantly higher than that found for 
the combined lower and middle- vascular grade gioups (P = 0.03; 
Fig. la). This demonstrates a positive correlation between high 
vascular grade and increased M<f>I. > 

Spatial Relationships between Areas of Angiogenesis and 
Macrophage Activity. The three most dense areas of macrophage 
content were enumerated simultaneously for macrophage and vascular 
density; this was followed by the three most dense, areas of vascular 
activity being evaluated in the same manner. The'Overall results are 
presented in Fig. \b t where it is shown that there is an inverse 
relationship between macrophage density and vascular density. That 
is, the highly angiogenic areas were poorly populated with macro- 
phages when compared to the more rnacrophage-dense fields, which 
were similarly poorly vascularized. Macrophage density in low-an- 
giogenesis areas was higher thap in high ahgiogenesis areas 
(P < 0.0001). Angiogenesis was higher in low macrophage areas than 
high-macrophage areas (p < 0.0001). This inverse relationship was 
maintained when highly vascularized and poorly vascularized tumors 
were examined separately. 

Correlation of M<(>1 with Relapse-free and Overall Survival. In 
this series of cases, a total of 91 patients were evaiuable for survival. 
Taking M</>! as a continuous variable in a univariate Cox proportional 
hazard model, increasing M^I was a significant indicator of worsened 
prognosis for both relapse-free and overall survivaj [(for relapse-free 
survival, P = 0.01, hazard ratio = 1.03 (CI, 1.00 r 1.06), for overall 
survival. P = 0.05, hazard ratio - 1.03 (CI 1.00-1.07)]. Two cut 
points for M<£1 were chosen corresponding to the median 0V and the 
upper third (18). At the median cut point, 41 cases were in the low 
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Fig. 1 . Macrophage infiltration and angiogenesis. o, comparison of macrophage infil- 
tration with decree of vascularization (split into thirds), b, distribution of macrophages in 
relation to arras of angiogenesis. 



(<I2) category, with 50 cases falling into the high (2rl2) category, 
whereas, using the upper tertiie cut point, 60 cases fell into the low 
(<18) category, with 31 cases being in the high (5:18) category. 

Comparing M<£>1 to relapse-free survival, at the median cut point a 
higher relapse rate occurred in the high-Mrf>l category (hazard ra- 
tio, — 3.2, P — 0.007; Fig. 2ct). Likewise, using the upper third cut 
point, there was an increased relapse rate in the high-M<£>l group 
(hazard ratio = 2.73, P = 0.008). 

When examining the effect of M<f>I on overall survival, a similar 
effect was observed with higher death rates at above the median 
(hazard ratio = 1 1.19, P = 0.0036; Fig. 2b) and in the upper third 
M<f>J class (hazard ratio = 3.4, P = 0.0233). 

Examining node-negative tumors separately, using the median 
cut point for M<f>I, it was found that M<J>1 was a significant 
predictor of poorer outcome for relapse -free survival in this group 
(P = 0.013). 

When angiogenesis was examined for its effects on survival, it 
was found that cases that were highly angiogenic had a worse 
overall and relapse-free survival rate than cases in the low-angio- 
genesis group (for overall survival, P = 0.02; for relapse-free 
survival, P = 0.009). 

Multivariate Survival Analysis. Because it was shown that the 
cases with high M<f>\ above the median have a worse prognosis, 
multivariate analysis was carried out with other factors. 
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found that for relapse-free survival, M<f>I was able to split the low- 
vascular grade group into two, with high-M<f>I cases having a wors- 
ened prognosis when compared to the low-M<f>I cases (P = 0.023; 
Fig. 3). A similar finding was observed when examining overall 
survival, with M<£I again splitting the tow-vascular grade group 
(P - 0.0017). However, in the high- vascular grade group, M<f>I was 
unable to split the series into two more prognostically significant 
subgroups in either relapse-free {P = 0.71) or overall survival 
(P = 0.72). 

Dividing the series by high and low M<f>\ % it was found that vascular 
grade was able to further stratify the low-M<#>I group into two prog- 
nostically different subgroups for both relapse-free {P ~ 0.022; Fig. 
3) and overall survival (P - 0.0005), with the high vascular grade 
category having the worse prognosis. This was not observed when 
vascular grade was used to stratify the high-M<f>l group of cases 
(P = 0.43 for relapse-free survival; P = 0.84 for overall survival). 

Comparison of M<f>I with Other Prognostic Variables. M<f>l was 
compared to other patient and tumor variables, including age. tumor 
size, nodal status, grade, ER, and EGFR. Split by median, using x 2 
tests at cut point 12 for M<£I, no significant associations were evident. 
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Fig. 2. Macrophage infiltration and survival. «. relapse-free survival at median M«f>l cut 
point 6, overall survival at median M4* cot point. 

MAI was significant as an independent prognostic indicator for 
both relapse-free and overall survival (P = 0.038 and P - 0.037. 
respectively), with high M*I indicating worse prognosis (Table 1). 
When macrophages are taken into account, angiogenesis was not 
significant, although it was the most significant of the other 
factors. A separate multivariate analysis excluding M<f>I showed 
CVC to be independently prognostic for relapse-free survival 
(P = 0 018) but in this group, CVC failed marginally to achieve 
significance for overall survival (P - 0.081), although it was the 
most significant of all the other factors, with the exception of node 

status. . , 

Interaction of M<f»I with Angiogenesis and Effects on Survival. 
Because both vascular grade and M*I were found to prognostically 
significant, and there was a positive correlation between the two 
factors, we assessed the interactions between M4f and angiogenesis 
and their effects on relapse-free and overall survival. The median M<f>I 
cut point was used in these analyses. i 

Dividing the series of cases into high and low vascular grade, it was 



Discussion 

We have shown that there is a significant and positive correlation 
between angiogenesis and macrophages in breast tumors, with highly 
vascular tumors having higher numbers of macrophages. This obser- 
vation could be due either to the presence of more vessels, allowing 
the infiltration of more macrophages, or the proangiogenic activity of 
macrophages inducing the proliferation, migration, and differentiation 
of endothelial cells. 

Although the former explanation cannot be excluded, the latter 
appears to be more likely in light of recent evidence showing that 
macrophages play an important role in promoting angiogenesis by 
secreting proangiogenic cytokines and/or enzymes that degrade the 
extracellular matrix (10). Also in favor of the latter is the observation 
that the areas of greatest macrophage density or macrophage hot spots 





0.75- 










e 


0.5- 


I 




•a 

CO 


0.25- 




■ - M0I -ve/CVC -ve 

— M0I +ve/CVC -ve 

— M0I -va/CVC +ve 

— M01 + ve/CVC +ve 



12 



— r~ 
24 



— T- 

36 



— r~ 
48 



— 1 

60 



Survival time (months) 



flyr split bv M01 

CVC + / M0I 
CVC + / MCI 



CVC-/M0I 
CVC-/M0I 



p « 0.71 



p = 0.023 



M0I split by CVC 
M0I+/CVC 
M01+/CVC 



M0I - / CVC 
M01 WCVC 



:} 



p « 0.43 



p a 0.022 



Fig. 3. Effects of interaction between macrophage infiltration and oncogenesis on 
survival, -ve, negative; +w. positive. 



4627 



41 



MACROPHAGE INFILTRATION IN BREAST CARCINOMA 
Table 1 Multivariate Cox proportional iiazard anulyxis 









Overall survival 






Relapse-free survival 




Prognostic indicator 


Cut point 


Hazard 


95** CI 


P value 


Hazard 


95% a 


P value 


M$I 

cvc 


12 


9.43 


1.15-77.3 


0.037 


2.79 


1.06-7.33 


0.038 


7 


3.57 


0.87-14.5 


0.076 


2.19 


0-89-5.41 


0.089 


Age 
ER 


50 


1.60 


0.29-8.93 


0393 


1.18 


0.42-3.33 


0.758 


10 


0.72 


' 0,19-2.68 


0.623 


0.68 


0.27-1.70 


0.405 


EGFR 


20 


0.66 


0.17-2.64 


0.558 


0.68 


0.26-1.80 


0.443 


Nodes 


0 


6.0$ 


J.58-23.5 


0.009 


1.91 


0.78-4.64 


0.155 


Size 


2 


1.0V 


0.28-4.30 


0.900 


2.48 


6.82-7.48 


0.108 



are situated away from the vascular hot spots, implying active migra- 
tion rather than accumulation in areas around bloodjvessels. This type 
of distribution has also been noted by HildenbraniL et al. t who also 
observed a positive relationship between high macrophage grade and 
increased expression of urokinase-plasminogen activator in breast 
cancer (17). 

The factors that induce macrophage hot spots >re not clear but 
may include necrosis and hypoxia. Angiogenesis occurs in vascular 
hot spots (14), which are biologically important because they 
provide a route through which tumor cells can metastasize. Tumor 
cells in the nonvascular regions experience hypoxic stress and/or 
undergo cell death. Macrophages may then migrate into these 
areas, chemotactically following a gradient of substances released 
by stressed cells such as lactate, low oxygen, and/or VEGF re- 
leased by the hypoxic tumor cells themselves;.* Once in these 
hypoxic areas, they may become angiogenically active, and it has 
been shown previously that experimental hypoxia can induce the 
release of bFGF by monocytic cells in vitro (18). Upon induction 
or completion of angiogenesis in that area, macrophages may then 
move away or undergo apoptosis. 

Focal macrophage infiltration also appears to: be an important 
prognostic factor in invasive carcinoma of the breast, being predictive 
of a worsened outcome and of reduced relapsetfree and overall 
survival when M<pl is high. Indeed, from these data it would seem that 
M<f>I is a more powerful predictor of survival than nodal status, again 
suggesting that macrophages may have a direct role in disease pro- 
gression. Other studies have found associations between higher levels 
of macrophage infiltration and markers of poor prognosis such as 
Ki-67 (17). and Pupa et aL (19) have described a positive correlation 
between macrophage infiltration and c-erbB2 as well as high grade in 
invasive breast carcinoma. However, in a large series of 1207 cases, 
they found that the presence of a general lymphoplasmacytic infiltrate 
in these poor prognosis groups did improve outcome. Also, it was 
seen in a subset of 72 cases of c-er£B2-positiye cases that the 
lymphoplasmacytic infiltrate had a high proportion of macrophages, 
although the group for which the macrophage proporuons were 
known was not analyzed for survival, and the macrophages were not 

quantified. # . : 

A minority of low-angiogenic tumors in this study were seen to 
have high macrophage counts and vice versa. This shows that macro- 
phages are not necessarily a major angiogenic influence in all highly 
vascular tumors, and it will be of interest to assess angiogenic factors 
expressed in these two types of tumors. Also, tumors with high M<pls 
and low angiogenesis may not yet have developed increased vascu- 
larization, because this type of study represents only a single point in 
the evolution of a tumor. Tumors that have both low vascular grade 
and low M<I>1 may represent an early stage in\the induction of 
angiogenesis and may have been destined to progress to highly 
vascularized tumors with a greater macrophage density at a later stage. 

Both angiogenesis and M<f>I were seen to be prognostic factors, and 
these appear to be related. When the survival data; Tor vascular grade 
and MoH are combined, it is observed that high vascular grade can 



predict a worsened outcome in the low M<f>\ subclass of cases (but is 
unable to split the high-M4>I subclass into two prognostically different 
groups). Also, M<f>l can split the low- vascular grade group into two 
prognostically different groups. This suggests that if either factor is 
high, the pathway toward metastasis and poorer outcome is favored; 
if either is low, then the other factor generates a poor prognosis 
pathway. If both factors are high, prognosis is not significantly wors- 
ened than when either is high, possibly because they act via a similar 
final pathway. 

Taken together, our data indicate that TAMs may play a central role 
in tumor angiogenesis and tumor progression, and that assessment of 
M<pl could be used clinically to predict outcome in breast cancer 
patients. It is also apparent that the TAM population of breast carci- 
nomas could be an effective target for future antiangiogenic therapies. 
Recent findings suggest that this could be achieved using interleukin 
10 and Linomide. In mice, transplantable tumors transfected with 
interleukin 10 show lower levels of macrophage infiltration than their 
nontransfected counterparts (20), whereas treatment of tumor-bearing 
rats with Linomide markedly reduced the tumor infiltration and TNFor 
secretion of macrophages as well as the degree of tumor neovascu- 
larization ( 1 2). On the basis of the data presented here, breast cancer 
is a key tumor type for assessing these new therapies. 
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Cytokines and Cell Adhesion Molecules in 

Cerebral Ischemia 

Experimental Bases and Therapeutic Perspectives 

Leonardo Pantoni, Cristina Sarti, Domenico Inzitari 

Abstract— The possibility of reopening an occluded cerebral artery by means of thrombolysis has renewed interest in a 
number of the several mechanisms that are active during acute cerebral ischemia. Over recent years, it has become 
apparent that leukocytes play a central roje not only during the healing stage of brain infarction but also during the early 
phases of cerebral ischemia, when it is postulated that these cells produce harmful effects, particularly in the presence 
of reperfusion. This review is based on'the critical analysis of more than 150 publications dealing with the role of 
leukocytes and some inflammatory mediators (cytokines, chemokines, and adhesion molecules) in cerebral ischemia. 
Animal studies indicate that leukocyte involvement is promoted by a variety of inflammatory molecules produced 
immediately after the onset of cerebral ischemia. Considerable experimental evidence suggests that these mediators play 
a key role in the progression from ischemia to irreversible injury (ie, cellular death and necrosis). However, the precise 
role of each molecule alone remains to be further elucidated as well as in relation to the complex network existing among 
different mediators. Progress in our understanding of the inflammatory mechanisms operating in cerebral ischemia has 
enabled the testing of new compounds with promising results in animals; in contrast, one recent controlled trial of an 
anti-leukocyte molecule in acute stroke patients showed negative results. This discrepancy may derive in part from our 
incomplete understanding of the complexity of the inflammatory mechanisms involved in cerebral ischemia. Our 
analysis suggests that until sufficient knowledge of the underlying disease mechanisms is acquired, more care should 
be taken when testing new and potentially efficacipus drugs in stroke patients. 



The scenario of acute ischemic stroke therapy is rapidly 
evolving, and thrombolysis has recently been approved 
for use in stroke patients by USA authorities. However, 
therapeutic recanalization of an occluded cerebral artery^till 
appears to be a potentially risky option that can be applied 
only in the case of selected patients/' 2 The main limitation of 
cerebral thrombolysis is the narrow, 3-hour therapeutic Win- 
dow" during which the thrombolytic agent has to be admin- 
istered to be effective 3 ; beyond this time limit, its effective- 
ness is neutralized by the high risk of cerebral hemorrhage. 4 
The rationale for the use of a number of other pharmaco- 
logical treatments for acute stroke currently under study in 
both animals and humans is based on recent advances in the 
pathophysiology of brain ischemia, one of the most rapidly 
expanding and promising areas of which", is the role of 
inflammation in stroke. This role involves (}) the molecules 
that form part of the inflammatory response and participate in 
the pathophysiological cascade after an ischemic insult and 
(2) the inflammatory or infectious processes that may predis- 
pose or precipitate atherothrombotic stroke. 5 " 8 In this review, 
we reexamine some aspects of inflammation in acute stroke 
by focusing on the role of leukocytes and leukocyte-related 



molecules, with the aim of providing the background neces- 
sary to understand the rationale of newly emerging therapeu- 
tic approaches. Our review is limited to experimental and 
human data concerning some of the inflammatory mecha- 
nisms active during the acute phase of cerebral ischemia. 

Histological Inflammatory Aspects in Acute 

Cerebral Ischemia 

An inflammatory reaction is a common response of the brain 
parenchyma to various forms of insult. It is histologically 
characterized by the infiltration of leukocytes, which in the 
case of cerebral ischemia are mainly polymorphonuclear 
leukocytes and monocytes/macrophages. 9 Human data are 
scarce: an increased number of leukocytes has been docu- 
mented in the cerebrospinal fluid of acute stroke patients 2 to 
3 days after stroke 10 ; a high number of radiolabeled poly- 
morphonuclear leukocytes have been shown in slightly per- 
fused brain areas as early as 6 to 12 hours after the ictus 11 ; and 
one autopsy study described intense leukocyte infiltration of 
the brain parenchyma 2 to 3 days after the stroke. 12 

However, the inflammatory response of ischemic brain 
parenchyma has been more thoroughly explored in animal 
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Selected Abbreviations and Acronyms 
CINC = cytokine -induced neutrophil chemoattractant 
ICAM — intercellular adhesion molecule 
I FN = interferon 
IL = interleukin 
MCA = middle cerebral artery 
MCP = monocyte chemoattractant protein 
MIP = macrophage inflammatory protein 
TGF = transforming growth factor 
TNF = tumor necrosis factor 



models. An increased number of polymorphonuclear leuko- 
cytes in the microvessels or ischemic brain parenchyma have 
been found in various species. 13-21 Until recently, it was 
assumed that this inflammatory reaction was delayed, sec- 
ondary to tissue necrosis, and was intended to remove tissue 
debris from the infarcted area. In rats with permanent occlu- 
sion of one MCA, leukocytes (particularly polymorphonu- 
clear cells) can be recognized in the microvessels as early as 
30 minutes after occlusion. 22 In the same model, necrosis is 
detected only 72 to 96 hours after MCA occlusion. 23,24 This 
study and others suggest that at least the early arrival of 
leukocytes in the brain parenchyma is independent of the 
presence of necrosis, and this idea leads to the hypothesis that 
these cells play a role in the progression from ischemia to 
brain infarction. 

There are a number of mechanisms by whjch leukocytes 
may produce deleterious effects on ischemic parenchyma. It 
has been proposed that leukocytes obstruct the microvessels 
and contribute toward the so-called "no-reflow" phenome- 
non 16 : ie, the lack of complete recovery of cerebral blood flow 
in the ischemic area after reperfusion. 25 This plugging of 
microvessels under ischemic conditions may be the result of 
an interaction with endothelial cells, mediated by adhesion 
molecules and/or the loss of cell deformability due to actin 
polymerization and pseudopod projections. 26 * 27 As reviewed 
by Hartl et al, 28 other detrimental effects of leukocytes during 
ischemia may be due to: (1) the release of vasoconstrictive 
mediators, such as superoxidase anions, thromboxane A 2 , 
endothelin-1, and prostaglandin H 2 29 ; (2) an alteration , in 
cerebral artery vasoreactivity; and (3) the release of cytotoxic 
enzymes, free oxygen radicals, NO, and products of the 
phospholipid cascade. The release of proteolytic enzymes 
such as elastase might damage endothelial cell membranes 
and the basal lamina, alter the blood-brain barrier, and 
contribute to the formation of postischemic edema. In addi- 
tion, loss of the integrity of the endothelial cell- basal lamina 
lining might facilitate the escape of red blood cells anrj the 
hemorrhagic transformation of a brain infarct. 30 * 31 

The view that leukocytes may cause additional damage to 
potentially still-viable tissue during acute cerebral ischemia is 
indirectly supported by data showing a smaller infarct volume 
in neutropenic animals than in normal controls. 32-35 Further- 
more, a significant correlation has been found in humans 
between the degree of leukocyte accumulation and infarct 
volume as assessed by CT." The arrival of leukocytes in. the 
ischemic area is a multistep process. 36 They first marginate in 
the venules, then adhere to endothelial ceils, and finally 

. * 



migrate into the brain parenchyma. During each of these three 
steps, their functions are regulated by the inflammation- 
related molecules that are produced soon after the onset of 
cerebral ischemia. 

Cytokines and Cerebral Ischemia 

The signals mediating the entry of leukocytes into the 
ischemic area have not yet been completely elucidated, but a 
number of clues suggest that cytokines play a key role in this 
process. Cytokines are low-molecular-weight glycoproteins 
that act as intercellular messengers and are produced by 
macrophages, monocytes, lymphocytes, endothelial cells, fi- 
broblasts, platelets, and many other cell types. To produce 
cytokines, all of these cells need to be activated. 37 Cytokines 
act at very low concentrations on specific target-cell recep- 
tors, whose expression is modulated by the cytokines them- 
selves. Binding of cytokines to receptors activates intracellu- 
lar second-messenger systems (yet to be identified) and 
subsequently, protein kinases and phosphatases. These pro- 
teins cause gene regulation through the activity of transcrip- 
tion factors. 37 Cytokines are considered to be among the 
principal mediators of immunologic and inflammatory re- 
sponses. In vitro, cytokines can be produced by astrocytes, 
neurons, and endothelial and microglia cells, 38 " 40 and there 
are observations suggesting that this also holds true in 
humans affected by brain ischemia. 41 

Cytokines may have various functions during cerebral 
ischemia: on the one hand, they can attract leukocytes and 
stimulate the synthesis of adhesion molecules in leukocytes, 
endothelial cells, and other cells, thus promoting the inflam- 
matory response of damaged cerebral tissue; on the other, 
they can facilitate thrombogenesis by increasing the levels of 
plasminogen-activating inhibitor- 1, tissue factor, and plate- 
let-activating factor 42,43 and by inhibiting tissue plasminogen 
activator and protein S. 44 Examination of this last aspect is 
beyond the scope of the present review. 

IL-1 

IL-1 exists in two separate forms (a and |3), which have only 
one-third sequence homology. IL-1 is overexpressed during 
brain ischemia, as documented by the induction of IL-1/3 
mRNA synthesis in rats with permanent MCA occlusion, 45,46 
transient global forebrain ischemia, 47-50 or a ligated carotid 
artery associated with hypoxia. 51 Attempts to detect IL-1 in 
the peripheral blood of stroke patients have so far been 
unsuccessful, conceivably because of its low plasma levels. 52 
Evidence that IL- 1 may play a deleterious role in cerebral 
ischemia derives from the observation that rats with a 
transient MCA occlusion have a larger brain infarction when 
recombinant human IL-1/3 is injected into the lateral ventricle 
immediately after reperfusion. 53 Similar results have been 
obtained in rats with a permanent MCA occlusion. 54 The 
intraventricular injection of recombinant human IL-1/3 also 
enhances the formation of brain edema and increases both the 
number of neutrophils in ischemic areas and neutrophil- en- 
dothelial cell adhesion. 53 The complex functions of IL-1 are 
mediated by specific cell-surface receptors and regulated by 
the IL-1 receptor antagonist. 55 Two main receptors for IL-1 
have been identified; type I is present in many cell types and 
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binds IL-la and IL-1 j3 with similar affinity. 56 Type II is found 
on the surface of B cells, neutrophils, and macrophages and 
shows higher affinity for IL-1/3. 56 Types I and H are regulated 
differently in brain ischemia and may thus play separate roles. 
In spontaneously hypertensive rats, the mRNA for the type I 
IL-1 receptor is relatively highly expressed in the normal 
cortex, with a marked increase 5 days after cerebral ische- 
mia. 55 Type II mRNA has low basal expression and a peak 12 
hours after the onset of ischemia. 55 The possible mechanisms 
of intracellular signal transduction for IL-1* on peripheral 
immune cells include effects on cAMP, protein kinase C, and 
protein phosphorylation 56 ; these effects remain to be proved 
in brain ischemia. The IL- 1-receptor interaction is quickly 
followed by the induction of immediate-early genes such as 
c-jun and c-fos. 57 

Studies showing a reduction in infarct ,$ize after, the 
administration of IL-1 antagonists or inhibitors provide fur- 
ther evidence of the importance of IL-1 in. cerebral ische- 
mia. 53 * 58-64 The possible harmful mechanisms induced or 
activated by IL-1 include fever, increased heart rate and 
arterial blood pressure, enhancement of TV-methyl-D-aspar- 
tate-mediated injury, proliferation of microglia, release of 
arachidonic acid, and stimulation of NO synthesis. 65 'At 
present, the most widely recognized functibnstof IL- 1 appear 
to be the induction of endothelial cell adhesion molecule 
expression and the promotion of neutrophil tissue infiltration. 

TNF-<* 

TNF-a gene upregulation has been demonstrated in tran- 
sient 66 and prolonged 5 1,67 cerebral ischemia by the increased 
synthesis of TNF-a mRNA in the parenchyma. TNF-a 
plasma levels have also been found to be higher in acute 
stroke patients than in healthy control subjects. 68 

The effects of TNF-a are mediated by specific receptors, 
the most well known of which are two proteins called p75 and 
p55 (according to their molecular weight). 69 The binding of 
TNF-a to its receptor is followed by the activation of a 
variety of proteins, such as protein kinase C, tyrosine kinase, 
mitogen-activated protein kinase, phospholipase A 2 , and 
phosphatidylcholine-specific phospholipase C. 70 Among 
these, the mitogen-activated protein kinases are the most 

* 

extensively studied, and they are divided into three main 
families: (1) the extracellular signal-regulated kinases, which 
are activated by growth factors; (2) the c-Juh NH 2 -terminal 
kinases; and (3) the p38 kinases. The last two groups are 
activated by proinflammatory cytokines. 71,72 The second, step 
in the TNF-a signal transduction pathway,, as for other 
cytokines, is intranuclear, with the activation of several 
transcription factors. One of these, nuclear factor- kB, trans- 
locates from the cytoplasm to the nucleus, where it activates 
the promoter of the genes for adhesion molecules and other 
cytokines. 73 

Like IL-1, TNF-a induces the expression of adhesion 
molecules by glial and endothelial cells, 74 . thus favoring 
neutrophil adherence and accumulation in ;microvessels. 67 
TNF-a is also involved in blood-brain barrier alterations, a 
proadhesive-procoagulant transformation of endothelial cell 
surfaces, and glial cell activation. 74 However, its role in 
cerebral ischemia remains to be established/ Barone et al 75 



showed that administration of TNF-a exacerbated the ische- 
mic injury provoked by MCA occlusion in spontaneously 
hypertensive rats, although TNF-a toxicity was not related to 
direct neuronal damage, and also demonstrated that anti- 
TNF-a antibodies have a neuroprotective effect. 75 Similarly, 
the inhibition of TNF-a in mice with permanent MCA 
occlusion leads to a smaller infarct volume. 76 However, not 
all studies agree about the deleterious role of TNF-a in brain 
ischemia. When TNF-a is administered to mice 48 hours 
before MCA occlusion, it induces a protective effect. 77 
Furthermore, the fact that mice lacking TNF-a receptors 
show a larger infarct area after MCA occlusion than do 
normal controls 78 suggests that TNF-a may be beneficial in 
the poststroke recovery phase. Finally, the specificity of 
TNF-a expression after cerebral ischemia has been chal- 
lenged by preliminary human data showing that TNF-a is 
also expressed in the contralateral, nonischemic hemisphere. 79 

IL-6 

IL-6 plays a central role in host defense as well as in acute 
and chronic inflammatory activities 80,81 and is expressed in 
response to various forms of brain injury. 81 " 85 In the rat, IL-6 
mRNA is overexpressed 3 hours after permanent MCA 
occlusion and reaches a peak at 12 hours; its expression 
remains high for at least 24 hours. 86 

Higher IL-6 levels have been detected in the peripheral 
blood of patients with acute cerebral ischemia than in control 
subjects. 52,87 ' 89 Increased plasma and cerebrospinal fluid IL-6 
levels are correlated with a larger infarct size on CT and 
magnetic resonance imaging scans 87,88 and with a poorer 
clinical outcome, 52 although it is not clear whether this simply 
reflects an overproduction of IL-6 by larger lesions or a 
directly damaging effect of IL-6 itself. In addition, it has not 
yet been completely elucidated whether IL-6 exerts anti- 
inflammatory or proinflammatory effects or both. Its anti- 
inflammatory effect depends on the inhibition of IL-1 and 
TNF-a production via a negative-feedback mechanism and 
stimulation of the production of their circulating antagonists: 
soluble TNF-a receptor and IL-1 receptor antagonist. 80,90 Part 
of the anti-inflammatory function of IL-6 can be attributed to 
its ability to induce the release of corticotropin and Corti- 
sol 91,92 and to promote the expression of acute-phase pro- 
teins 93,94 that have antiproteinase and oxygen-scavenger func- 
tions. 81 On the other hand, it has also been shown that IL-6 
induces phospholipase A 2 gene expression and as a conse- 
quence, stimulates the production of leukotrienes, prostaglan- 
dins, and platelet activating factor, 95 all of which are involved 
in ischemic brain damage. 96 

TGF-/3 

TGF-/3 is a cytokine that is known to regulate and stimulate 
cell proliferation and differentiation and to play a central role 
in tissue repair mechanisms. 97 In rats exposed to 10 minutes 
of global cerebral ischemia, increased expression of TGF-/3 
mRNA is seen after 6 hours throughout the brain; this 
expression increases further at day 2 and subsides thereafter. 98 
One recent human autopsy study has found TGF-/3 mRNA 
overexpression in ischemic tissue in comparison with sam- 
ples taken from the contralateral, nonischemic side. 99 The 
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highest expression of TGF-/3 mRNA was detected in the 
tissue surrounding the infarction (the penumbra zone). 99 A 
so-far-unexplained finding is that serum TGF-/3 levels are 
lower in acute stroke patients than in control subjects, perhaps 
owing to an accumulation of this cytokine in the ischemic 
tissue. 89 

Preliminary results indicate that TGF-J3 may play a pro- 
tective role in brain ischemia. 100 " 104 Some of the proposed 
reasons for this beneficial effect include (1) reduced neutro- 
phil adherence to endothelial cells 105 ; (2) suppression of the 
release of potentially harmful oxygen- and nitrogen-derived 
products by macrophages 106,107 ; (3) the promotion of angio- 
genesis in the penumbra area 99 ; and (4) a reduction in the 
expression and efficacy of other cytokines; such as TNF- 
a 108,109 p 0SS ibly by blocking p38 kinase and the consequent 
inhibition of the TNF-a transduction mechanism. 110 

IFN-r i 

IFN-7 is a protein produced by activated CD4*V and CD8+ T 
cells and, to a lesser degree, by natural killer celt.' 1 " IFN-y is not 
produced by central nervous system cells, and its release at this 
level is possible only when a breakdown o£ Jhe blood-brain 
barrier allows infiltration of lymphocytes into.-the brain paren- 
chyma. Although the role of IFN-7 (and of all the IFNs) in brain 
ischemia has not been specifically addressed, blood-brain barrier 
damage and leukocyte penetration are among : the first conse- 
quences of ischemic cerebral insults. Among many different 
functions, IFN-7 induces the expression of a variety of cytokines 
by stimulating p38 kinase 110 and of class II major histocompat- 
ibility complex. Major histocompatibility complex is essential 
for macrophages to recognize antigen, and thus, IFN-7 could 
play a crucial role in the development of brain necrosis after an 
ischemic insult. Another possible role of IFN-7 in cerebral 
ischemia is the production of NO, with a consequent cytotoxic 
effect on brain cells; in vitro, IFN-7 stimulates the production of 
interferon regulatory factor- 1, which induces NO synthase 
mRNA expression. 112 

Cell Adhesion Molecules in Cerebral Ischemia 
Cell-Cell Adhesion 

The adhesion of leukocytes to the endothelial surface and 
their subsequent migration from the microyessels into the 
brain parenchyma is mediated by a variety of molecules 
located on the surface of both leukocytes and endothelial 
cells. Adhesion molecules are conventionally divided into 
four main families, each of which has a different function: 
integrins, the immunoglobulin superfamily, *cadherins, and 
selectins. 113 Under normal conditions, there is little or no 
cell-surface expression of adhesion molecules 114 ; their expres- 
sion is induced by various inflammatory processes, such as 
cerebral ischemia, with the upregulation mediated by cyto- 
kines. Among the most studied adhesion molecules are 
ICAM-1 (immunoglobulin superfamily), which is located on 
the endothelial surface, and its leukocyte counterpart, integrin 
CD11/CD18; many others are currently under investigation. 
A number of animal studies have documented the upregula- 
tion of endothelial-leukocyte adhesion molecule 1 (also 
called E-selectin) in the microvessels, 1 15 ~' 11 ICAM-1 18-122 



and P-selectin 118 after focal cerebral ischemia in rodents and 
in nonhuman primates. 

The possible relevance of adhesion molecules to the 
pathogenesis of ischemic brain damage has recently been 
corroborated by two studies demonstrating that, in compari- 
son with normal controls, mice belonging to an ICAM-1- 
deficient strain show a marked reduction in cerebral infarc- 
tion size after transient MCA occlusion. 35,123 As reviewed by 
Feuerstein et al, 74 cytokines can also induce the in vitro 
expression of adhesion molecules in astrocytes, oligodendro- 
cytes, and microglia. It is postulated that the presence of 
adhesion molecules on the surface of glial cells may facilitate 
the postischemic migration of leukocytes through the brain 
parenchyma. 74 

One observation with potential clinical relevance is that the 
expression of adhesion molecules caused by administration of 
IL-1, TNF-a, and IFN-7 is higher in endothelial cell cultures 
from spontaneously hypertensive rats than in those derived 
from normotensive rats. 124 This finding suggests that ischemic 
injuries of comparable severity may lead to more severe 
consequences in hypertensive individuals. 

Upregulation of adhesion molecules has been documented 
in human stroke patients. In a preliminary study, leukocytes 
from patients suffering an ischemic stroke or transient ische- 
mic attack showed increased CDlla expression within 72 
hours of the onset of symptoms in comparison with control 
subjects matched for age and risk factors. 125 Sobel et al 126 
detected increased ICAM-1 expression on the surface of 
vessels from cerebral cortical infarcts in four patients. Soluble 
isoforms of adhesion molecules, which are believed to be 
shed from the surfaces of activated cells, can be quantified in 
serum: in comparison with normal control subjects, patients 
with acute stroke showed an initial increase in serum endo- 
thelial-leukocyte adhesion molecule- 1 levels (up to 24 hours 
after stroke) and persistently increased levels of vascular cell 
adhesion molecule- 1 (up to 5 days). 127 This temporal pattern 
is in line with the current view that selectins, such as 
endothelial-leukocyte adhesion molecule- 1, mediate the ini- 
tial low-affinity interaction between leukocytes and endothe- 
lial cells and promote the margination and rolling of leuko- 
cytes in the blood stream; subsequently, it is vascular cell 
adhesion molecule- 1 (immunoglobulin superfamily) that 
causes the tight leukocyte-endothelial attachment and 
transendothelial migration. 

When evaluating the levels of adhesion molecules in 
patients with cerebrovascular diseases, consideration should 
be given to the possible confounding effect of risk factors for 
atherosclerosis, a condition involving chronic inflammatory 
endothelial activation. 128 In acute ischemic stroke patients, 
serum ICAM-1 levels have been found to be lower than 129 or 
the same as 127 those of asymptomatic control subjects 
matched for age, sex, and a number of vascular risk factors. 
It can also be hypothesized that because of the long period (up 
to 72 hours) for enrolling patients, in one of these two 
studies, 129 the theoretical initial peak serum level of adhesion 
molecules could no longer be detected after they had bound to 
leukocytes and endothelial cells. 
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Cell-Matrix Adhesion 

Another group of adhesion molecules is involved in cell- 
matrix interaction, lntegrins, the most widely studied adhe- 
sion molecules of this group, are heterodimeric membrane 
glycoproteins formed by the combination of an a- and a 
/3-subunit with an intracellular and an extracellular domain.' 13 
At the basal membrane level, integrins connect endothelial 
cells to extracellular components, such as laminin and colla- 
gen. In the brain, endothelial cells, astrocytes, and the basal 
membrane contribute to form the blood-brain barrier, and 
their interconnection is mediated by integrins. Damage to 
these molecules may therefore lead to severe damage of the 
blood-brain barrier. Wagner et al 130 have demonstrated ttfiat 
integrin a«/3 4 , that under physiological conditions mediates 
the interaction between astrocytes and extracellular matrix, is 
rapidly damaged during focal cerebral ischemia/reperfusion. 
Other integrins play an important role in inflammatory 
neoangiogenesis, wound repair, and ontogenesis and may 
therefore be important for tissue repair aftej an ischemic 
insult. Among these, integrin Oyft, a receptor for molecules 
sharing the common arginine-glycine-aspar^c acid (RGD) 
sequence (eg, vitronectin, fibrinogen, fibronectin, and lami- 
nin), is expressed in basal ganglia microvessefe in a nonhu- 
man primate model of ischemia/reperfusion as early as 2 
hours after MCA occlusion. 131 The binding of ligand to 
integrins modifies the conformation of the'ir intracellular 
domain so as to interfere with the cytoskelefton alignment, 
modify cellular structure, and confer on the cejl the ability- to 
migrate. Through these mechanisms, otv/3 3 might play a role 
during the first stages of vascular reorganization after cere- 
bral ischemia. 

Chemokines in Cerebral Ischemia 

As IL-1/3 and TNF-cr play a major role in promoting adhesion 
between endothelial cells and leukocytes - t . they are poor 
attractants for polymorphonuclear leukocytes and monocytes; 
other chemoattractant cytokines (the so-called chemokines) 
are believed to be specifically involved in guiding leukocytes 
through the parenchyma and toward the ischemic area. 

Chemokines are low-molecular-weight molecules charac- 
terized by the presence, as a common structural pattern, of 
four cysteine residues and are divided into two main families 
(C-X-C and C-C chemokines) according to the presence or 
absence of an amino acid between the residues of the two 
most amino-proximal cysteines. 36 This structural distinction 
is reflected in vitro by a peculiar effect on different cell types: 
C-X-C chemokines tend to attract neutrophil whereas C-C 
chemokines preferentially act on monocytes/macrophages. 
Each chemokine family binds to specific receptors formed by 
seven transmembrane domains that activate G proteins and 
subsequently an intracellular kinase cascade. 132 Chemokine 
production and secretion are stimulated by a number of 
compounds, such as bacterial lipopolysaccharide, IL-la and 
-1)3, and TNF-a. 36 

Few chemokines have so far been studied in some detail in 
experimental cerebral ischemia. Significant- expression of 
CINC mRNA has been detected in the ischemic areas of 
spontaneously hypertensive rats 6 hours, after permanent 
MCA occlusion 133 ; this expression peaks at. 12 hours and 



rapidly decreases at 24 hours. CINC has been shown to be 
homologous to three "gro" human proteins and "KC" in the 
mouse, and all of them are molecules acting predominantly as 
neutrophil chemoattractants. 134 In a model of rat transient 
focal ischemia, the first detectable level of CINC in the brain 
was observed 3 hours after reperfusion and preceded leuko- 
cyte infiltration. 135 In the sera of the same animals, a high 
concentration of CINC was found 60 minutes after MCA 
occlusion, with the peak concentration being reached 3 hours 
after reperfusion; a reduction in levels was observed between 
6 and 48 hours. 135 

The temporal expression of MCP-1 in brain ischemia follows 
that of CINC. High levels of MCP-1 mRNA have been found in 
the brains of rats with transient and permanent MCA occlusion 
at 6 hours, with the highest expression occurring between 12 
hours and 2 days 136,137 ; increased MCP-1 expression was still 
detectable 5 days after permanent MCA occlusion. 136 The 
observations that in vitro IL-1/3 and TNF-a induce MCP-1 gene 
expression 138 and that in vivo MCP-1 mRNA temporal expres- 
sion follows that of IL-1 0 and TNF-a mRNA 45 - 67 suggest that 
IL-1/3 and TNF-a induce MCP-1 expression in cerebral ische- 
mia. According to Gourmala et al, 139 6 hours to 2 days after 
MCA occlusion, MCP-1 mRNA is present in rat astrocytes 
surrounding the ischemic tissue. After 4 days, MCP-1 mRNA is 
found in macrophages and microglial cells in the infarcted tissue. 

The mRNA of another member of the C-C chemokine 
family, MlP-la, has been found to be overexpressed in 
cerebral ischemic areas. 137 This chemokine attracts mono- 
cytes and macrophages and modulates their activity in tissue 
undergoing an inflammatory process. Kim et al 137 found that 
the temporal expression of MIP- la parallels that. of MCP-1 
and that the distribution of MIP- 1 a-positive cells was similar 
to that of activated astrocytes. MIP- la infused into the 
subarachnoid space of rabbits treated with Gram-negative 
bacteria initially attracts neutrophils and subsequently mono- 
cytes. 140 If this sequence also holds true in cerebral ischemia, 
this molecule could be in part responsible for the switch from 
a leukocyte- to a macrophage-based inflammatory response. 
The temporal profile of CINC, MCP-1, and MlP-la expres- 
sion is in line with that of leukocyte accumulation in the 
ischemic brain parenchyma of nonhuman primates. In these 
models, polymorphonuclear cells are detected 24 to 72 hours 
after the onset of ischemia, followed at 7 to 16 days by 
monocyte and macrophage infiltration. 9,13 

In vitro, smooth muscle cells stimulated by 1FN and IL-1/3 
or TNF-a produce IFN-inducible protein- 10, which is a 
chemoattractant for macrophages and activated T lympho- 
cytes. 141 Inducible protein-10 mRNA expression has been 
demonstrated in the rat after endothelial damage by balloon 
angioplasty. 141 Because endothelial damage occurs during 
brain ischemia, it seems possible that this molecule could also 
play a role in this latter pathological condition. 

The number of discovered chemokines is continuously 
growing, and so far, more than 20 members of this cytokine 
family have been identified. It is likely that in the future, the 
activity of other chemokines may be found to be increased 
after cerebral ischemia and their function elucidated. 
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Experimental Anti-Leukocyte Interventions 

On the basis of the progress made in our understanding of 
inflammatory-like mechanisms in cerebral ischemia, an in- 
creasing number of molecules are currently being investi- 
gated in animals for their possible effectiveness in human 
acute stroke. 

One group of studies has focused on therapeutic strategies 
related to the role of proinflammatory cytokines. The intra- 
ventricular and systemic administration of IL-1 receptor 
antagonist into rats reduces the volume of infarction caused 
by MCA occlusion 54,59,62,64 or the ligation of one carotid artery 
associated with hypoxia. 61 This reduction in infarct size is 
accompanied by a decreased number of leukocytes in the 
ischemic hemisphere and improved neurological function. 62 
Similar results have been achieved by means of the topical 
application of anti-IL-1/3 neutralizing antibody, 53 zinc proto- 
porphyrin, 53,60,63 and fragments of lipocortin-1, 58 all of which 
act as IL-1 inhibitors. TGF-/3 administration has led to less 
severe histological damage in a rabbit model of embolic 
stroke 100 as well as in rats subjected to permanent MCA 
occlusion, 101 transient global ischemia, 104 and hypoxia-ische- 
mia cerebral insult. 103 

A second group of studies has concentrated on molecules 
that are capable of blocking the adhesion between endothelial 
cells and leukocytes. The administration of anti-CD lib/ 
CD 18 monoclonal antibodies at various times after reperfu- 
sion reduces infarct volume in rats with MCA occlusion" 2,143 
in a dose-dependent manner, 144 although single administration 
of the same drug 1 hour after permanent MCA occlusion led 
to less striking effects. 145 Treatment with antibodies against 
ICAM-1 or integrin CD1 lb/CD18 is also capable of reducing 
the number of apoptotic cells in the ischemic brain area. 146 

The use of anti-ICAM-1 antibodies reduces infarct volume 
and the number of tissue polymorphonuclear leukocytes in 
rats with transient MCA occlusion, 147 148 but the treatment is 
ineffective when administered to animals with permanent 
occlusion. 149 The same dichotomy between transient and 
permanent ischemia has been shown in one model of spinal 
cord ischemia. 150 These observations suggest that drugs 
blocking leukocyte-endothelial adhesion are effective only in 
the presence of reperfusion. 

Because monoclonal antibodies are immunogenic and 
might have collateral effects in stroke patients, new nonim- 
munogenic molecules are now being tested in animal models 
with encouraging results. 151152 These are peptides or glyco- 
proteins, which are produced by bacteria and'which structur- 
ally or functionally mimic cell adhesion molecules and inhibit 
leukocyte function. 

Conclusions 

Leukocytes and Inflammatory Mediators in 
Cerebral Ischemia 

The studies reviewed in this article emphasize the possible 
role of cytokines and cell adhesion molecules in the devel- 
opment of cerebral damage caused by an ischemic insult. 
Early overexpression of these inflammatory mediators pro- 
motes the recruitment of leukocytes in the ischemic area and 
represents a key mechanism for the evolution of tissue 



damage. Leukocytes are in fact believed to have a deleterious 
effect in brain ischemia. In the microvessels, they first adhere 
to endothelial cells, interfering with local cerebral blood flow 
and enhancing the ischemic insult. Subsequently, leukocytes 
proceed through the endothelial lining and accumulate in the 
ischemic area, where they release a number of toxic mole- 
cules that contribute to the development of an infarction. 

Relevance of Animal Models 

Most of the evidence comes from animal studies; only 
preliminary observations relating to humans are available. It 
is plausible that our knowledge of the role of inflammation in 
human stroke will considerably expand in the future, in terms 
of both new molecules and a more precise definition of their 
action, but it is likely that animal models will continue to 
represent a fundamental source of information. The possibil- 
ity that leukocyte alterations in experimental models may be 
determined by the surgical procedures used to induce the 
ischemic insult or by anesthesia has been refuted in a 
nonhuman primate model. 153 Moreover, the use of sham- 
operated animals (ie, animals in which all of the phases of the 
surgical procedure except artery occlusion are reproduced) 
makes it possible to control for the influence of surgery and 
anesthesia. Some of the substantial advantages of experimen- 
tal models are the following: (1) The possibility of knowing 
the exact time of onset of ischemia means that the temporal 
pattern of the expression of the molecules under study can be 
investigated; (2) Access to brain tissue for pathological 
observation is simple; (3) New drugs can be tested. Never- 
theless, it should be borne in mind that most of the conclu- 
sions are based on rodent experiments because data from 
nonhuman primate models (which are probably of greater 
relevance to human disease) are still scarce. 

Therapeutic Perspectives 

Acute stroke therapy is probably destined to change over the 
next few years. One of the crucial turning points will be 
definition of the time interval during which the administration 
of drugs is likely to be efficacious (therapeutic window), 
which is not easy because of individual patient variability. 
Most of the trials carried out so far suggest a very narrow (3 
hours) therapeutic window, which in the case of thrombolytic 
agents, is due more to the increased occurrence of hemor- 
rhagic transformation than a lack of efficacy beyond this 
limit. Animal and human studies have shown that the evolu- 
tion of a brain infarct progresses over a longer period of 
time, 23,24 1 M * 155 and so the reopening of an artery could also be 
advantageous at a later time. 

New drugs counteracting cytokine-mediated damage or 
opposing leukocyte-endothelial cell adhesion are already 
being investigated in animals with encouraging results. One 
perspective for the use of drugs capable of interfering with 
inflammation-related mechanisms is the possibility of widen- 
ing the therapeutic window; in a rabbit model of embolic 
stroke, administration of anti-ICAM-1 antibodies has been 
shown to extend the time during which the thrombolytic 
agent was effective in dissolving blood clots. 156 The timing of 
arrival of many stroke patients to the emergency depart- 
ment 157 seems compatible with potential drug interventions 
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designed to interfere with inflammatory mediators and the 
natural evolution of the ischemic lesion. The inflammatory 
response of the cerebral parenchyma, with the above-dis- 
cussed harmful implications, develops over days after the 
onset of ischemia in the animal, 20 and this is probably also 
true in humans. 12 Therefore, these therapeutic strategies could 
theoretically be undertaken far beyond the strict time limit of 
thrombolysis with some beneficial effects. 

Possible future pharmacological treatments could be based 
on the inhibition of proinflammatory mediators (perhaps IL-1 
and TNF-a) or enhancement of the effect of others (IL-6 and 
TGF-/3). Some cytokines and chemokines, such as IFN-7 and 
MIP-1, seem to play a role in the passage from the first phase 
of the inflammatory response, characterized by the presence 
of polymorphonuclear cells, to the second, with monocyte 
and macrophage invasion and the development of frank 
necrosis. Blocking these molecules could prevent part of the 
brain parenchyma from becoming necrotic. Interfering with 
adhesion between leukocytes and endothelial cells represents 
a second therapeutic option. On the other hand, attempts 
could be made to potentiate the role of integrins that promote 
cell remodeling and neovascularization. Other targets for a 
possible pharmacological approach are the specific transduc- 
tion pathway signals (eg, intracytoplasmic kinases) that are 
critical for cytokine production and their effects. 

Caveats and Limitations 

An understanding of the role of leukocytes and the mediators 
of inflammation in cerebral ischemia may have a very great 
impact on therapy, but a few notes of caution should be 
outlined. Although it currently seems that some cytokines, 
such as IL-1, have a detrimental effect and that others, such 
as TGF-0 and IL-6, might be protective in some way, the 
precise effect of each mediator is still not completely known. 
Moreover, some data exist challenging the view that leuko- 
cytes are active in favoring the progression from cerebral 
ischemia to necrosis. 158 " 160 . \ 

The expectations aroused by animal studies have been 
somewhat dampened by the results of me. first human trial 
using an anti-ICAM-1 murine monoclonal antibody (E&li- 
momab, Boehringer Ingelheim). In this double-blind, place- 
bo-controlled trial, 625 patients with acute ischemic stroke 
were randomized within the first 6 hours of syrhptom onset to 
receive either anti-ICAM-1 antibodies (160 mg IV the first 
day, followed by 40 mg/d for 2 to 5 days after onset) or 
placebo. 161 The 90-day outcome as measured by the modified 
Rankin Scale showed an improvement in 33% of the patients 
on placebo versus 27% of those receiving active treatment. 
Side effects (mainly fever, infections, and pneumonia) were 
recorded in 44% of the Enlimomab and 30% of the placebo 
patients; serious adverse effects (stroke progression, brain 
edema, and hemorrhagic transformation of the infarction) 
were observed in 22% of the Enlimomab versus 16% of the 
placebo patients; both of these differences were statistically 
significant. Moreover, the occurrence of cases of aseptic 
meningitis in the Enlimomab group underlines -the limitations 
due to the immunogenic effect of this drug. 



Is There Still a Role for Anti-Leukocytes 
Interventions in Human Stroke? 

However, before setting aside anti— ICAM-1 antibodies as 
another ineffective drug in acute ischemic stroke, the prelim- 
inary results of the Enlimomab study should be critically 
considered. First of all, anti-leukocyte interventions appear to 
be particularly effective against reperfusion injury. Anti- 
ICAM-1 antibodies have been tested and proved efficacious 
in models of transient 146 " 148,150 but not permanent 149 focal 
ischemia, presumably the condition of most of the patients 
enrolled in the Enlimomab trial. As shown by Bowes et al, 156 
the use of anti-ICAM-1 might be beneficial only in combi- 
nation with thrombolysis. Second, the time and route of drug 
administration could be crucial: in none of the reviewed 
animal studies was the first dose of anti-ICAM-1 antibodies 
delayed beyond 1 hour after reperfusion, and systemic ad- 
ministration could lead to a reduction in host defenses and a 
predisposition to infections. Finally, given the increased 
frequency of fever and aseptic meningitis among the treated 
patients, the immunogenic role of anti-ICAM-1 antibodies 
needs to be weighed very carefully. 

In the light of the above considerations, among others, a 
multitherapeutic approach for ischemic stroke can be fore- 
seen. 162 The testing of new anti-leukocyte drugs in humans 
probably requires further elucidation of the pathophysiolog- 
ical role that these cells play during cerebral ischemia. At 
present, it would be dangerous to simply dismiss those drugs 
that may prove to be efficacious in different target 
populations. 
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Effect of Exposure of Guinea Pigs to 
Cigarette Smoke on Elastolytic Activity 
of Pulmonary Macrophages* 

• * 

Raul H. Sansores, MD; Raja T, Abboud, MD; Carina Becerril, MSc; 
Martha Montano, MSc; Carlos Ramos, MSc; Beatrix Vanda, MSc; and 
Moises L. Selman, MD, FCCF 



Study objective: To determine the effect*>f exposure to cigarette smoke on the elastolytic activity 
of guinea pigs' alveolar macrophages (AMs), and to compare elastolytic activity of AMs obtained 
by BAL, with that of lung macrophages ^LMs) obtained from minced lung tissue 
Methods: AMs were obtained by BAL frcin seven adult guinea pigs exposed to cigarette smoke for 
5 d/wk dunng 6 weeks, as well as from age-matched control guinea pigs. From each animal, one 
lung was used to obtain LMs by mincing and teasing the lung, followed by enzymatic digestion 
and isolation of mononuclear cells by Hypaque-Ficoll separation. The other lung was inflated and 
fixed to quanbtate emphysema by the destructive index (DI). Elastolytic activity (microgram of 

iOfn i e ££ n ? \° mac r°P h ?S es > was determined at 24, 48, and 72 h, by culturing AMs and 
LMs (1 X 10 cells in 1 mL of medium) fn 3 H-elastin-coated wells. 

Results: In animals exposed to cigarette smoke, the total number of BAL cells (8.6+2.1 X10 6 ) and 
DI (21.8±8.1) were significantly higher than in nonexposed animals (6.4±1.8X10 6 p<0 05 for 
cells, and 12.1±4 1 p<0.01 for DI). Elastolytic activity of AMs from smoke-exposed guinea pigs 

^nlS^'^^tV' ^ « 4 ' 48> P H ^"^y* activi *y ^ AMs from control animals 

(19 0-9.4 vs 10.0±5.3, p<0.05 at 72 h). Likewise, elastolytic activity of LMs was significantly 
higher >n exposed than nonexposed guinea pigs (1 1.8±7.7 vs 7.4±5.0 at 72 h, p<0.05). Elastolytic 
activity of LMs was not significantly different from elastolytic activity of AMs, both in exposed 
guinea pigs (11.8±7.7 vs 19.0±9.4 at 72 h) and nonexposed animals (7.4±5.0 vs 10 0±5 3 at 72 h) 
Conclusions: These results indicate that elastolytic activity of both AMs and LMs of guinea pies 
increases significantly after exposure to cigarette smoke and that AMs and LMs have similar 
elastolytic activities. (CHEST 1997; 112:214-19) 

Key words: cigarette smoke exposure; elastase;. elastolytic activity; emphysema; lung macrophages 

Abbreviations: AM = alveolar macrophage; COHb=carboxyhemoglobin; DI=destructive index; EA= elastolytic activ- 
ity; LM=lung macrophage; NS = not Significant; J>MSF=phenylmethyl-sulfonyl-fluoride elastolytic acuv 



HP he current hypothesis of the pathogenesis of 
emphysema postulates that an imbalance be- 
tween proteases and antiproteases leads to the de- 
structive changes in the lung parenchyma. 1 Neutro- 



*From the Instituto Nacional de Enfermedades Respiratorias 
(Drs. Sansores and Selman, Mr. Ramos, and Mss. Becerril 
Montano, and Vanda), Mexico, DF, Mexico, and the Respiratory 
Division, Vancouver Hospital and Health Sciences Centre (Dr. 
Abboud), University of British Columbia, Vancouver; BC, 
Canada. ; ' 

Supported in part by CONACYT grant F-643-M9406. ." 
Manuscript received October 14, 1996; revision accepted De- 
cember 12, 1996. V 

Reprint requests: RH Sansores, Instituto Nacional. de 'pnfer- 
niedades Respiratorias, Tlalpan 4502, Col. Seccidn 16; CP 14080, 
Mexico DF, Mexico 



phils have been considered to be the main cells 
involved in this elastolytic injury. 2 However, there is 
more recent evidence suggesting that alveolar mac- 
rophages (AMs) may play a prominent role in the 
degradation of lung elastin. 3 - 5 Studies of the elasto- 
lytic properties of lung macrophages (LMs) as well as 
their possible role in mechanisms leading to emphy- 
sema have been based on AMs retrieved from 
BAL. 3 - 7 However, because these AMs are not di- 
rectly in contact with the interstitial matrix, the 
macrophages resident in the lung interstitium' may 
be the more relevant cell in relation to potential 
elastolytic damage of lung parenchyma. 

In this context, our study had two aims; first to 
evaluate the effect of cigarette smoke exposure on 



214 



Downloaded from www,chestjouma!.org by on January 12, 2006 



Laboratory and Animal Investigations 



AM elastolytic activity (EA) in guinea pigs^; and 
second to compare the EA of AMs with that of 
macrophages extracted from lung tissue (predomi- 
nantly interstitial macrophages) both in guinea pigs 
exposed and not exposed to cigarette smoke. 



Materials and Methods 

Preparation of Elastin-Coated Culture Plates 

3 H-elastin was prepared by reductive alkylatioh of .bovine 
ligamentum nuchae elastin (Elastin Products Company;, (pwens- 
ville, Mo) using sodium boro- [ 3 H] hydride 8 as previously^report- 
ed. 9 Culture plates were prepared by spreading evenly 250 >g of 
the 3 H-elastin suspension (specific activity= 1^584 cpm/rjag) on 
tlie inside bottom of 16-mm wells of 24-well tissue culture-plates 
(Costar; Cambridge, Mass). The elastin was dried at 45°G a;nd the 
3 H-elastin-coated plates were then stored at 4-°C until usefcl. 

Experimental Exposure to Cigarette Smoke 

Approval from the Institutional Animal Research Corilmittee 
was obtained. Seven adult guinea pigs weighing £00 to 650' g were 
exposed to the smoke of 20 commercial nonfllter cigarettes per 
day, for 5 d/wk, during 6 weeks. The smoke exposure was 
accomplished by enclosing the animals (three or four at a time) in 
a plastic chamber 100 cm long, 60 cm wide, and 80 cm high, 
which had two holes on one lower edge that held two ;cigarettes 
used for smoke exposure. The animals were exposed to the smoke 
by lighting the cigarettes and inhaling the smoke through the 
chamber using a suction vacuum attached to the opposite upper 
corner of the chamber; in this manner, the smoke was dispersed 
throughout the chamber. The cigarettes were. 'lit and "smoked" 
over a period of 10 min and followed by a period of 10 toi£0 min 
without cigarette smoking. The cycle was repeated until a total of 
20 cigarettes were "smoked" over a period of about 5- h. To 
confirm that this system led to significant smoke inhalation, we 
obtained blood measurement of carboxyhemoglobin (CQHb) by 
co-oximetry in another group of animals exposed to cigarette 
smoke under identical conditions. As control group for the effects 
of cigarette smoke exposure, we studied seven guinea pigs-placed 
in a similar chamber for a similar period of time for 5 aVwk-during 
6 weeks under the same conditions but without using any 
cigarette, so that only room air was being aspirated into the 
chamber. ; .** • 

* - - " • 

■ ' t w • 

. . ' . r 

Bronchoalveolar Lavage . ^ - 

After 6 weeks of experimental or sham exposure, guinea pigs 
were anesthetized by intraperitoneal injection of pentobarbital 
(28 mg/kg). A tracheostomy was performed under sterile condi- 
tions and a 0.21-cm catheter was introduced into the trachea, 
Guinea pig lungs were washed very gently by instilling five 
aliquots of 10 mL of saline solution each. The fluid re'covered 
from the lavage was kept on ice until analysis. Cells in the BAL 
were separated from the lavage fluid by centrifugation at 4°C. 
The sedimented cells were washed twice in Hanks' balanced salt 
solution and then resuspended in serum-free* RPMI 1640 me- 
dium containing 25 mmol/L Hepes buffer, 2 mmol/L glutamine, 
100 U/mL penicillin, and 10 mg/mL streptomycin (GIBCO; 
Grand Island, NY). The number of macrophages per^rrulliliter 
was determined by counting the cells in a hemocytomet'er and 
cell viability was analyzed by trypan blue exclusion. Slide prepa- 



rations were prepared to determine the BAL cell differential 
count. Cell counting was performed on a total of 300 cells by a 
pathologist unaware of the origin of the fluid. The cell suspension 
was adjusted to a count of IX 10 s macrophages per milliliter for 
assay of elastolytic activity. 

Preparation of LMs 

To further remove AMs from the lung, two additional BALs 
with 10 mL of saline solution each were performed. After the 
lavage, the animals were killed with an intraperitoneal overdose 
of sodium pentobarbital. The left lung was used for the histologic 
study and the right lung for obtaining LMs. The right lung was 
minced into pieces of 2 to 4 mm with scissors and excess blood 
was removed by rinsing the lung pieces with saline solution. The 
tissue was then incubated with RPMI-1640 medium and trypsin 
(166 u-g/mL) EDTA (66 fig/mL) for 30 min at 37°C. To remove 
particulate matter, the medium was filtered through gauze and 
then centrifuged for 10 min at 1,500 g at 4°C. The cell pellet was 
resuspended in medium and the LMs were separated by using a 
Hypaque-Ficoll gradient. 10 

The LMs were washed twice in medium and then centrifuged. 
The LMs in the pellet were considered to be predominantly 
interstitial macrophages; they were resuspended in RPMI-1640 
medium, counted, and adjusted to a concentration of 1 X 10 6 LM per 
milliliter. Cell viability was determined by trypan blue exclusion. 

Measurements of AM and. LM EA 

EA in AMs and LMs was measured by the method originally 
described by Chapman and Stone 3 and later used by other 
investigators. 4 - 9 Prior to use, the 3 H-elastin-coated wells of 
culture plates were washed three times with phosphate-buffered 
saline solution and then loaded in duplicate (or in triplicate 
depending on the total amount of available cells) with either 1 (or 
0.5) mL of either AMs or LMs in RPMI-1640 at 1X10 6 cells per 
milliliter. For every assay, blanks (RPMI-1640 without cells) in 
duplicate were routinely included and used to correct for non- 
specific release of radioactive elastin. The cell cultures were then 
incubated at 37°C, 100% humidity, and 95% air-5% CO a for 2 h 
for allowing macrophages to adhere to the 3 H-elastin-coated 
wells, and then nonadherent cells were removed. The wells with 
3 H-elastin and the adherent macrophages were then filled with 1 
(or 0.5) mL of RPMI-1640 supplemented with 1% (vol/vol) 
nonessential amino acids and 10% fetal (vol/vol) bovine serum, 
and the culture plates were returned to the incubator for culture 
periods up to 72 h. Every 24 h, the medium was removed and 
stored at 4°C until analysis, and replaced by fresh medium. At the 
end of die 72-h incubation period, the samples of each 24 -h 
incubation were spun in a microcentrifuge ( 13,000 Xg at 4°C for 
5 min) and 100 uX of the supernatants was assayed for solubilized 
3 H-elastin by scintillation counting in 10 mL of Aquasol-2 (New 
England Nuclear; Dupont, UK). Results of the EA in micrograms 
of elastin degraded per 100 u.L of medium were calculated as 
follows: 

(cpm macrophage sample— cpm blank)/ 

specific activity of 3 H-elastin. 

Results were then expressed as microgram of elastin degraded 
by 10 6 cells by dividing the total amount of elastin degraded in 
each well by the number of macrophages in that well. 

Experiments to Control for Possible Differences Due to Metliod 

Effect of Hypaque-Ficoll: Since LMs were isolated by using the 
Hypaque-Ficoll gradient method, and AMs were not, we deter- 



CHEST/ 112/1 /JULY, 1997 215 

Downloaded from www, ch estjoumaI.org by on January 12, 2006 



mined if AMs had similar EA whether or not they were obtained 
by using Hypaque-Ficoll. Therefore, a separate experiment was 
made with three additional guinea pigs to compare EA of AMs 
prepared from BAL without and with the use of Hypaque-Ficoll. 

Trypsin Treatment: To determine the influence of the enzy- 
matic digestion with trypsin used during recovery of LMs on EA, 
AMs from three guinea pigs exposed to cigarette smoke and 
obtained as described previously were assayed for EA without 
and after incubation with trypsin for 30 min. The EA from AMs 
subjected to enzymatic treatment was then compared with.EA of 
the AMs without trypsin exposure. 

Effect of Neutraphil-Derived Elastase: To determine the pos- 
sible contribution of EA derived from neutrophils on the deter- 
mined macrophage EA, AMs from three guinea pigs exposed to 
cigarette smolce and obtained as described previously were 
assayed for EA without and with the addition of 100 mrrkd/L of 
phenylmethyl-sulfonyl fluoride (PMSF), a potent inhibitor of 
neutrophil elastase. 



Histologic Assessment 

. 

After fixation with 10% buffered formalin at a constant pres- 
sure of 25 cm H 2 O f the left lung was processed for morphologic 
evaluation. Five-micrometer sections were stained with hejpriatox- 
ylin-eosin and examined on light microscopy by a pathologist who 
did not know whether the animal had been exposed to cigarette 
smoke. To assess the degree of parenchymal destruction, lung 
samples were further evaluated by using the destructive 'index 
(DI) described by Saetta et al. u Light microscopy - at 10X 
magnification was used to grade the stained sections of the lung. 
For each tissue, 20 nonoverlappirig fields randomly chosen from 
one slide were examined with an ocular with .cross hair "and 36 
points. Any field containing structures, like vessels or airways, 
whose maximal diameter was larger than 0.60 mm was riot used 
for the analysis. Alveoli or alveolar ducts lying tinder thesj&points 
were classified as normal or destroyed. They Were considered to 
be normal when they were surrounded by intact or continuous 
walls or when these walls were disrupted .only in one place. 
Alveolar spaces were considered to be destroyed when the-wall of 
an alveolus was disrupted in two or more places or theffe were 
three or more disruptions of contiguous alveoli. DI was; calcu- 
lated according to the following formula: DI=100XD/(P + N), 
where D indicates "destroyed" and N indicates "normal." 



Statistical Analysis 12 

The unpaired Student's t test was used for comparing results in 
nonexposed and smoke-exposed animals, while die paired t test 
was used when comparing the two types of macrophages from the 
same animal. The p values <0.05 were considered to indicate a 
statistically significant difference. -V V* 



Table 1 — BAL Cell Profile (Mean±SD) 





Total 
Cells, 
X10 6 


Macrophages, 
% 


• 

Neutrophils, 

% "f 


Lymphocytes, 

;% 


Smoke 


8.6±2.1 


65.85 ±15 


)■ 

11 ±7.4 


22.2+8.4 


exposed 










Control 


6.4±1.8 


63.85 ±15 


7±3.1- 


27.8±5.9 


animals 










p Value 


<0.05 


NS 


NS .* 


NS 
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Results 

After 6 weeks of tobacco smoke or air exposure, 
there were no significant differences in body weight 
between the two groups of guinea pigs. A significant 
increase in the mean level of COHb was observed in 
the cigarette smoke-exposed animals (19.3 ±5.4% vs 
6.5±3.2% in the control group; p<0.05). Table 1 shows 
the cell profile from BAL. The total amount of cells was 
significandy higher in smoke-exposed guinea pigs com- 
pared with control animals <8.6±2.1 vs 6.4±1.8, 
p<0.05). Macrophages were the most prevalent cell 
population in both groups of animals, but no significant 
differences were found in any type of inflammatory 
cells. The cell viability was always higher than 90%. 

Histologic Assessment 

Morphologic changes are illustrated in Figure 1. 
The lungs of all cigarette smoke-exposed guinea pigs 
showed inflammatory changes as foci of interstitial 




FIGURE 1. Top (a): normal lung. Bottom (b): smoke-exposed lung 
exhibiting peribronchiolar, interstitial, and intra-alveolar inflam- 
mation, with areas of rupture of the alveolar septa can be seen 
(hematoxylin-eosin, original magnification X4). 
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Laboratory and Animal Investigations 



and intra-alveolar infiltration by lymphocytes' and 
macrophages and in some cases by polymorphonu- 
clear cells. In most animals, lesions compatible with 
bronchiolitis were found. Areas of disruption of 
alveolar septa were noticed mainly under the pleura, 
and this observation was corroborated by the DI that 
was significantly higher in guinea pigs exposed to 
cigarette smoke (21.76±8.11) than -in the control 
animals (12.17±4.11; p=0.016). / 

Elastolytic Activity . .- ' 

Results of EA of AMs and LMs derived from 
control and smoke-exposed animals -are shown in 
Table 2. In general, mean values of EA obtained 
from AMs tended to be higher than those obtained 
from LMs in both tobacco smoke-exposed animals 
and control animals. However, no significant differ- 
ences between the two cell preparations were found 
by the paired t test. EA of both types of macrophages 
increased with duration of culture. EA of AMs was 
significantly higher in smoke-exposed guinea pigs 
compared with the control animals at all time, inter- 
vals of culture. Similar results were observed- with 
LMs, although no significant difference was /ob- 
served at 72-h culture. . 

Effect of Hypaque-Ficoll Separation, Trypsin 
Treatment, and PMSF on EA 

We first determined if the total number of /cells 
recovered was affected by the use: of Hypaque- 
FicolL The mean number of cells obtained from die 
BAL of three guinea pigs exposed to cigarette smoke 
was 10.93±5.8X10 < \ Half of the BAL^was processed 
to obtain mononuclear cells by using: the Hypaque- 
Ficoll method and a total of 5. 06 ±4.69/10, cells 
were recovered. This number was riot significantly 
different from the 5.41±5.3/10 6 cells in the remain- 
ing half of the BAL not subjected to Hypaque-Ficoll. 
In addition, EA (microgram of degraded elastin 
X10 6 cells) of AMs purified by the Hypaque-Ficoll 
separation was not different from AMs not treated 
with Hypaque-Ficoll (24±7 vs 22±8 at 72 h ($=not 
significant [NS]). ^ 



Since enzymatic digestion with trypsin was used to 
obtain LMs, we additionally evaluated EA from AMs 
after incubation with this enzyme. Our results show 
that EA from AMs treated with trypsin exhibited a 
consistently lower EA by a factor of 17±3% (n—6 
assays from three guinea pigs). When EA of LMs 
from all the experiments (shown in Table 2) was 
adjusted by using this factor to correct for the trypsin 
effect, EA of LMs still remained slightly lower by 15 
to 20% than the corresponding AM values. PMSF 
treatment did not significantly affect EA; die EA of 
AMs with PMSF at 72 h was 22±4, while that of 
AMs without PMSF was 23±6 (p=NS). 

Discussion 

The evaluation of the EA of AMs or LMs raises 
two issues: first, whether the observed EA is really 
due to the macrophages and not to neutrophils, and 
second, if the so-called LMs are indeed coming from 
the interstitium of the lung. It was assumed in this 
article that the cells responsible for the EA were 
macrophages based on stained cytospin preparations 
of the obtained cells. Contaminating neutrophils 
were removed after a 2-h period of incubation to 
allow adherence of macrophages prior to determina- 
tion of EA. This adherence step indicates that the 
EA determined was due to macrophages and not to 
nonadherent cells such as neutrophils. Furthermore, 
in a separate experiment (widi three guinea pigs), 
EA of AMs obtained with the Hypaque-Ficoll 
method to remove contaminating neutrophils was 
the same as that obtained without Hypaque-Ficoll, 
supporting die notion that in our assay, there was no 
EA due to neutrophils. Moreover, die routine use of 
fetal bovine serum rich in serine proteinases inhibi- 
tors such as a x - antitrypsin in all cultures would 
inhibit any elastase derived from neutrophils but not 
macrophages. 3 The addition of PMSF, a potent 
inhibitor of neutrophil elastase, did not affect cul- 
tured AM EA, indicating that there was no EA 
derived from neutrophils. 

The best mediod to determine the origin of the 
macrophages from lung tissue is by cell markers 



Table 2 — EA of AMs an<l LMs of Control and Cigarette Smoke-Exposed Guinea Pigs 



Time, h 






H,g of Degraded ElastinXlO 6 Cells 








N unexposed 


P 


Exposed 




i 

P 


AM 




AM 


LM 


24 


4.72±2.10 


2.97±2.37 


NS 


8.94±2.65* 


6.41±1.95 f 


NS 


48 


7.67±3.71 


5. 13 ±3.49 


NS 


15.21 ±6.07* 


10.12±4.54 f 


NS 


72 


9.99±5.26 


7.36 ±4. 99 [ 
... 


* NS 


19.01 ±9.42* 


11.82±7.68 1 


NS 



*AM exposed vs nonexposed AM, p<0.05. 
* Exposed LM vs nonexposed LM, p<0.05. 
Exposed LM vs nonexposed LM, p=NS. 
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specific for alveolar but not for interstitial macro- 
phages, but we were unable to use these techniques. 
We attempted to decrease contamination of LMs by 
AMs by washing out the lung with an excess of Valine 
solution after the BAL, and by rinsing and eliminat- 
ing the remaining blood from the tissue while pro- 
cessing the tissue cells. These maneuvers would not 
completely eliminate the resident macrophages in 
the alveoli and the blood. The studies by DethlofT 
and Lehnert 13 indicate that such preparations con- 
sidered to be of interstitial macrophages would have 
significant contamination of AMs. However, 
Weissler and coworkers 14 observed; that macro- 
phages obtained from minced lung tissue (as we did) 
are functionally different from those obtained by 
BAL, in terms that they induce significantly more 
T-cell proliferation in a mixed leukc-cyte reaction, 
suggesting macrophages different from AMs, De- 
spite this possible contamination of LMs by AMs, 
our results clearly suggest that EA of £,Ms increases 
significandy after exposure to cigarette smoke. 

Significant exposure to cigarette smoke was dearly 
demonstrated by the levels of COHb. (19%) in 
smoke-exposed guinea pigs. However, the rionex- 
posed animals also had high levels of COHb (about 
6%) in comparison to human levels. The reason for 
this finding is not clear; a possible explanation is that 
die levels were tested in a co-oximeter standardized 
for determining human blood COHb and not guinea 
pig COHb. 

Significant inflammatory and . parenchymal 
changes compatible with early emphysema Kvere 
observed in guinea pigs exposed to cigarette sjrioke, 
indicating that even the degree of exposure to to- 
bacco smoke that we used (5 h/d, 5 d/wk for 6 weeks) 
was deleterious. This is not surprising since Wright 
and Churg 15 have previously observed changes of 
emphysema in guinea pigs exposed to the smoke of 
10 cigarettes during 5 d/wk for .1 to 12 months. 
Furthermore, we have previously demonstrated that 
foci of moderate peribronchiolar, . interstitial * and 
intra-alveolar inflammation are observed in the same 
model at 4 weeks exposure. 16 

Our findings of increased EA in both AM^S and 
LMs from guinea pigs exposed to cigarette 3iuoke 
suggest that increased EA by LMs may contribute 
to the observed destructive changes in the^ lung 
parenchyma. Supporting this point of view are the 
findings of increased EA in smokers as reported by 
Chapman and Stone 3 and reviewed by Shapifo and 
associates. 17 Actually, it is important to point out 
that macrophages are the most abundant inflam- 
matory cells found in BAL of cigarette smokers, as 
well as in respiratory bronchioles wHere emphyse- 
matous changes are first manifested. 18 - 19 More- 
over, Finkelstein et al 20 have recently demon- 



strated that the extent of lung destruction in 
human emphysema is directly related to the num- 
ber of AMs and T lymphocytes, but not with the 
number of neutrophils. 

Despite die numerous studies on pathogenetic 
mechanisms in emphysema using BAL, to our 
knowledge, our study is the first one to attempt to 
compare EA of both AMs and LMs. The importance 
of attempting to evaluate interstitial macrophages* 
enzymatic activity through the use of minced lung 
tissue is that the interstitial macrophages, in contrast 
to AMs, are in closer contact with the elastic fibers 
that may be more susceptible to elastolysis by inter- 
stitial than AMs. Nevertheless, our results showed 
that the EA of these two types of macrophages is 
similar both in smoke-exposed and in nonexposed 
guinea pigs. 

There was a nonsignificant trend for the LMs to 
show a lower EA than the AMs. This tendency was 
not modified after correcting for the putative enzy- 
matic effect of trypsin, to which the tissue cells were 
submitted during their isolation. 

In general, our results support the notion that 
AMs and LMs are similar in a variety of activities, as 
has been demonstrated in other different studies. 
For example, Adamson and coworkers 21 compared 
rat alveolar and interstitial macrophage activity to 
stimulate fibroblasts after exposure to silica and 
asbestos. They found that the two macrophage pop- 
ulations responded equally to particles with respect 
to secretion of fibroblast growth factors. 

However, the time course of EA of guinea pig 
AMs and LMs is comparable to diat previously 
reported by Senior et al, 4 Chapman and Stone, 3 and 
Ofulue et al 9 regarding EA of human AMs; the slight 
differences in the amount of degraded elastin and in 
the time course of elastin degradation may be due to 
the species difference. 

In summary, our study indicates that cigarette 
smoke exposure in guinea pigs not only induces 
changes compatible with emphysema, as has been 
reported previously, but also results in a significant 
increase of EA by macrophages that may contribute 
in part to the destructive changes observed in em- 
physema. The enzyme(s) responsible for this activity 
deserve further study, but the recently described 
metalloelastase, and the 92-kd gelatinase B, both 
secreted by macrophages, are strong candidates. 22 
Actually, an increase in 92-kd type IV collagenase 
expression by macrophages has been found previ- 
ously in this experimental, model. 23 Our study also 
suggests that the EA of macrophages from minced 
lung tissue is similar to that observed in macrophages 
obtained from BAL. 
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Macrophages Promote Prosclerotic Responses in Cultured Rat 
Mesangial Cells: A Mechanism for the Initiation of 
Glomerulosclerosis 



IZABELLA Z. A. PAWLUCZYK and KEVIN P. G. HARRIS 

Deportment of Nephrology, Leicester General Hospital, Leicester, United Kingdom. 



Abstract Glomerulosclerosis is the final outcqrne of a number 
of different causes of glomerular injury, during which the 
structures of the glomerulus are obliterated by extracellular 
matrix. Accumulating evidence suggests that infiltrating mac- 
rophages play a pivotal role in the progression to glomerulo- 
sclerosis. The present study defines the role played by macro- 
phages at both cellular and molecular levels in the initiation of 
the sclerotic process in cultured rat mesangial cells. Macro- 
phage-conditioned medium (MPCM) generated from thiogly- 
collate-elicited, lipopolysaccharide-stimulated macrophages 
upregulated mesangial cell fibronectin production in a dose- 
and time-dependent manner, independently of cell prolifera- 
tion. Immunoprecipitation of metabolically labeled irS-fi- 
bronectin confirmed that the matrix protein was synthesized de 
novo. The genes for fibronectin and the matrix proteins laminin 
and collagen IV were also found to be upregulated 2.86 ± 
0.24-, 4.94 ± 0.1 7-, and 3.03 ± 0.31 -fold over controls, 
respectively (P < 0.001). Macrophage modulation of matrix 
turnover was suggested by an upregulation of both transin and 



tissue inhibitor of metalloproteinase-1 gene transcription. 
Transforming growth factor (TGF) 0 t , platelet-derived growth 
factor, tumor necrosis factor (TNF) a, or interleukin (IL)-^ 
could not be detected in the MPCM per se\ however, TGF0, 
and platelet-derived growth factor AB were found to be se- 
creted into mesangial cell culture supernatants. Secretion was 
augmented 1.69 ± 0.16- and 2.28 ± 0.28-fold, respectively 
(both P < 0.001), in response to MPCM. Northern blot anal- 
ysis demonstrated that protein secretion had been preceded by 
upregulation of the genes for these cytokines (2.2 ± 0.4-fold 
[P < 0.001] and 5.7 ± 1.2-fold [P < 0.004], respectively). 
Incubation of MPCM with either neutralizing antibody or the 
growth factor receptor antagonist suramin demonstrated that 
TGF0] played a significant, although minor, role in MPCM- 
stimulated fibronectin production. In conclusion, this study 
provides compelling evidence for a direct role of macrophages 
in the progression to glomerulosclerosis. (J Am Soc Nephrol 8: 
1525-1536, 1997) 



Hie histological characteristics of numerous experimental and 
human glomerular diseases that ultimately progress to glomer- 
ulosclerosis are expansion of the glomerular mesangium and 
deposition of extracellular matrix (1). The etiology of progres- 
sive renal scarring is complex and multifactorial, but consid- 
erable evidence, largely from animal studies, now suggests that 
macrophages could play an important pathogenetic role in this 
process. 

For example, the administration of puromycin aminonucleo- 
side (PAN) to rats causes the nephrotic syn&ome, which is 
associated with a glomerular macrophage infiltrate at day 1 1, 
coinciding with peak proteinuria (2). Although the nephrotic 
syndrome resolves, the rats subsequently develop progressive 
glomerulosclerosis. Maneuvers that abolish' the glomerular 
macrophage infiltrate during the acute nephrotic phase in this 
model, such as a diet free of essential fatty acids fp) or 
whole-body X-irradiation (4), are able to prevent the subse- 
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quent progression to glomerulosclerosis. A glomerular infil- 
trate is also an early response to renal ablation, a lesion also 
known to progress to glomerulosclerosis (5,6). After unine- 
phrectomy, for example, an infiltrate occurs within 1 to 2 wk 
of surgery, before the observation of histological changes by 
light microscopy, the detection of microalbuminuria, or the 
development of renal scarring (5). Glomerular macrophage 
depletion by X-irradiation has been shown to ameliorate the 
progression of the glomerular injury in the remnant kidney 
model (6), further supporting an effector role for these cells in 
mediating glomerulosclerosis. 

Factors elaborated by these infiltrating cells could alter the 
phenotypic expression of the resident glomerular cells with 
respect to their proliferative and matrix-producing capacities. 
Much research has recently been carried out regarding the role 
of various cytokines and growth factors in the modulation of 
glomerular cell proliferation and matrix synthesis. In PAN 
nephrosis, the macrophage infiltrate has been shown to occur 
in temporal association with increased glomerular transforming 
growth factor (TGF) & and fibronectin gene expression (7). 
Furthermore, immunohistochemical labeling studies have dem- 
onstrated that the TGF/3 protein staining corresponds locally 
with ED- 1 -positive macrophages (7). More recently, in the 
same model, it has been reported that TGF/3 mRNA is ex- 
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pressed by glomerular macrophages, thus identifying these 
cells as a potential cellular source of the profibrogenic cytokine 
(8). Okuda et al. have also reported that the level of TGF0 
mRNA and the number of cells producing TGF/3 protein was 
higher in glomeruli isolated from Thy-1 nephritic rats than in 
glomeruli from normal rats (9). Subsequently, in the same 
model, it was shown that administration of a neutralizing 
antibody to TGF0 resulted in a significant suppression of 
extracellular matrix production with a concomitant reduction in 
the degree of histological damage (10). Further support for a 
pathogenic role for TGF/3 in renal scarring has been provided 
by the observation that in vivo transfection of. the TGF/3 gene 
increases the production of extracellular matrix deposition in 
the kidney (11). « 

These observations provide a strong, although correlative, 
case for TGF0 mediating the adverse effects of macrophages in 
the scarring process. However, it seems unlikely that one 
cytokine acting alone would be solely responsible for mediat- 
ing mesangial matrix accumulation, given the potential cyto- 
kine interactions involving autocrine loops and paracrine path- 
ways that could be involved in this process. Instead, the 
process of scarring likely requires a number of factors acting in 
concert. 

The present study, therefore, was undertaken to determine 
the precise role played by macrophages at bpth cellular and 
molecular levels in the initiation of the sclerotic process in 
mesangial cells — functionally the most important cells within 
the glomerulus. 

Materials and Methods 

Unless stated otherwise, chemicals and reagents were obtained 
from Sigma Chemical Co. (Poole, United Kingdom). 

Culture of Rat Mesangial Cells 

Glomerular cells were cultured from the glomerular explants of 
adult Wistar rat kidneys, using standard techniques (12). The cells 
were cultured in RPMI 1640 supplemented with 20% heat-inactivated 
fetal calf serum (FCS), 100 fig/ml penicillin (Life Technologies), 100 
jxg/ml streptomycin (Life Technologies), 5 ug/ml bovine insulin, and 
2 mM glutamine (Life Technologies). Cultured cells were character- 
ized by their typical stellate fusiform morphology, their positive 
staining for the Thy-1 antigen, and their resistance^/) the toxic effects 
of D-valine. 

Mesangial cells of passages 2 through 10 were 
plates (ICN Flow, Oxfordshire, United Kingdom!) or 25 -cm 2 flasks 
(Coming, High Wycombe, United Kingdom), allowed to grow to 
confluence, and then made quiescent in medium containing 0.5% FCS 
for 72 h before use. 



ultured in 24-well 



Isolation of Macrophages and Preparation of 
Macrophage-Conditioned Media 

Macrophages were obtained from adult Wistar rats by injecting 10 
ml of 3% thioglycollate broth into the peritoneal cavity. After 5 d, the 
peritonea] cavity was lavaged with 20 ml of cold Hanks' balanced salt 
solution (HBSS). The majority (—90%) of the exudate cells obtained 
in this way were macrophages, as judged by positive immunohisto- 
chemical staining for the rat monocyte/macrophage marker EEM. 
Macrophage-conditioned medium (MPCM) was prepared using a 



modified method of Kohan and Schreiner (13). The exudate cells were 
purified by temporarily plating them at a cell density of 5 X 10 5 
cell/ml in 25-cm 2 tissue culture flasks. After 2 h of incubation at 37°C 
in a humidified 5% COj/95% air atmosphere, nonadherent cells were 
removed by washing with HBSS buffered with 20 mM Hepes. The 
macrophages were then stimulated with lipopolysaccharide (LPS) 
(from Escherichia coli 026 B6) at a final concentration of 1 fig/ml for 
16 h, and then washed three times and cultured for an additional 48 h 
in serum-free RPMI. The MPCM was harvested and centrifuged for 
10 min at 2000 rpm, and then frozen at -20°C until needed. 

Culture of Mesangial Cells in the Presence of 
Macrophages or MPCM 

Confluent quiescent mesangial cells were exposed to thioglycol* 
late-elicited peritoneal macrophages at final (macrophage) cell densi- 
ties of 0, 3.13 x 10 4 , 6.25 x 10 4 , 12.5 x 10\ and 25 X 10 4 cells/ml 
per well. In parallel, macrophages at the same cell densities were 
cultured directly on the 24-well plates as controls. 

In additional experiments, confluent quiescent mesangial cells were 
exposed to a 50% solution of MPCM. The final concentration of FCS 
remained at 0.5%. The cultures were maintained in this medium for up 
to 7 d. The tissue culture supernatants were harvested and centrifuged 
for 30 s at 1 1,600 X g to remove cell debris and were then stored at 
— 20°C for subsequent analysis of soluble fibronectin or the cytokines 
TGF0, platelet-derived growth factor (PDGF), tumor necrosis factor 
(TNF) a, or interleukin (IL)-10. 

Preparation of Cell Lysates 

After removal of tissue culture supernatants* cell monolayers were 
washed with PBS, scraped into 1% Nonidet P40 in wash buffer (PBS 
containing 0.3 M NaCl and 1% Tween 20), and then incubated at 
room temperature for approximately 30 min. The cell scrapings were 
then transferred to 2-ml tubes, sonicated for 5 s, and centrifuged for 
30 s at 1 1,600 X g. Sonication and centrifugation were repeated, and 
the lysate supernatants were assayed for fibronectin and total cell 
protein. 

Effect of Suramin on MPCM 

To assess the contribution of TGF0 and PDGF to MPCM-mediated 
fibronectin production, the antihelminthic, polyanionic drug suramin 
was used. Suramin has been shown to antagonize the binding of 
growth factors such as TGF0 and PDGF to their receptors (14,15). 
Confluent, quiescent mesangial cells were exposed to MPCM, in 
combination with 150 pg/ml suramin, for 24 h. Supernatants and cell 
lysates were assayed for fibronectin. 

TGFfi and PDGF Cell-Binding Assays 

Confluent, quiescent mesangial cells in 24-well plates were fixed 
with 200 fd/well 0.25% glutaraldehyde for 10 min at room tempera- 
ture. The plate was washed twice with 2 ml of HBSS/ well. The fixed 
mesangial cells were then treated with 200 u.l/well of either 10 ng/ml 
TGF/3 (or PDGF) ±150 Mg/ml suramin or medium ±150 /igtal 
suramin for 1 h at room temperature. After incubation, the plate was 
washed three times with enzyme-linked immunosorbent assay 
(ELISA) wash buffer and blocked with 2% bovine serum albumin 
(BSA) (in wash buffer) for 30 min. A total of 200 /il of rabbit 
an ti -TGF/3 (or goat anti-human PDGF) was added to each well and 
incubated for 1 h at room temperature. After three washes, 200 
IxVwcU of goat anti-rabbit Ig-horseradish peroxidase (HRP)-conju- 
gated antibody (Dako, High Wycombe, United Kingdom) at 1:1000 
dilution (or rabbit anti-goat Ig-HRP [Dako] at 1:5000 dilution) was 
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added to each well and incubated for an additional hour at room 
temperature. After three more washes, 200 /il/well 1,2-phenylenedi- 
amine dihydrochloride substrate solution was added (see section, 
Fibronectin ELISA, below). The reaction was stopped with 200 /jlI of 
1 M H 2 S0 4 . Duplicate 200-fd aliquots from each of the 24 wells were 
transferred to the wells of a 96-well plate, and the optical density was 
determined. 

Effect of Neutralizing Anticytokine Antibodies on 
MPCM 

Mesangial cells were exposed to: (/) MPCM, in combination with 
either 10 fLg/ml rabbit pan-specific anti-TGF0, goat anti-human 
PDGF, goat anti-murine TNFa, or goat anti-murine IL-10; (2) 
MPCM, in combination with a "cocktail" of neutralizing antibodies 
(10 jig/ml each of aTGF0, ocPDGF, aTNFa, and-oJL-10); and (3) 
cytokines (natural human TGF/3, natural human PDGF, recombinant 
murine TNFa, and recombinant murine IL-1/3; 2J5 ng/ml of each), in 
combination with the "cocktail" of neutralizing anticytokine antibod- 
ies. Incubations were carried out for 7 d, after which cell lysates, 
supematants, or both, were assayed for fibronectin. All cytokines and 
anticytokine antibodies were purchased from R&D Systems, Inc. 
(Minneapolis, MN). 

Fibronectin EUSA • ' # 

Culture supematants or cell lysates were assay&l for fibronectin, 
using an inhibition ELISA. A total of 60 pi of rat plasma fibronectin 
standard (19 to 5000 ng/ml) (Calbiochem, Nottingham, United King- 
dom), supernatant sample, or cell lysate was incubated with an equal 
volume of rabbit anti-rat fibronectin diluted 1:2000 in wash buffer at 
4°C overnight Fifty microliters of this reaction mixture was then 
transferred to each well of a 96-well microtiter plate (Nunc Immuno- 
plate, Roskilde, Denmark) that had been precoated at 4°C overnight 
with rat plasma fibronectin (1 fLg/ml in 0.05 M carbonate buffer, pH 
9.6) and blocked with 2% BSA in wash buffer for 1 h at room 
temperature. The plate was incubated with the reaction mixture at 
room temperature for 2 h. After washing each well four times, 50 fil 
of goat anti-rabbit IgG conjugated to HRP (Dako) was added to the 
well and incubated at room temperature for 1 h. After four more 
washes, 50 jil of 0.67 mg/ml 1,2 phenylenedi amine dihydrochloride 
was added in 0.03 M citrate buffer, pH 5.0, containing 0.012% 
H 2 S0 4 , and absorbance was read at 492 nm on a Titertek Multiskan 
Plus microtiter plate reader (Flow Laboratories t- Oxfordshire, United 
Kingdom). j£\ 

Cytokine EUSA 

Cytokine measurements were carried out on culture supematants, 
using commercially available ELISA assays for the following cyto- 
kines: human TGF/3 (Predicta, Genzyme Diagnostics, R&D Systems), 
human PDGF-AB (Biotrak, Amersham), rat TNFa (Factor-Test- 
X.Genzyme Diagnostics), and IL-10 (Intertest-10-X, Genzyme Diag- 
nostics). Assays were carried out according to the manufacturer's 
instructions. 

DNA Assay 

Cell monolayers were washed four times with ice-cold 0.9% wt/vol 
NaCl and then scraped into 10% ice-cold perchloric acid (PCA). The 
wells were washed with further aliquots of 10% PCA, after which the 
washings were pooled, vortexed, and spun at 3000 *X g for 10 min at 
4°C. After discarding the supematants, 500 pJ of fresh 10% PCA was 
added, and the solution was hydrolyzed by hearing at 70°C in a water 
bath for 20 min. After hydrolysis, the tubes were; chilled on ice to 



precipitate as much protein as possible. The tubes were then centri- 
fuged for 10 min at 3000 X g at 4°C to spin down the protein 
precipitate, which was subsequently analyzed for protein concentra- 
tion. The supematants containing the DNA were transferred to plastic 
test tubes. A total of 250 jxl of diphenylamine reagent (1 g of 
diphenylamine/25 ml of glacial acetic acid) followed by 50 fil of 
acetaldehyde solution (1.6 mg/ml in water) was added to the 250-pJ 
cell hydrolysate or calf thymus DNA standard (0 to 200 fig/ml). The 
mixture was vortexed and incubated at 25 to 30°C for 16 to 20 h. The 
absorbance of the reaction solution was read at 595 and 710 nm, and 
the difference between the absorbances at the two wavelengths was 
calculated. (Light scattering at 710 nm was measured to eliminate any 
effects arising from the slight turbidity of the samples.) A standard 
curve of change in absorbance versus DNA concentration was con- 
structed, from which the DNA concentration was determined. 

Protein Determination 

For cell monolayers that had been precipitated with PCA for DNA 
determinations, the cell protein content was measured by the method 
of Lowry et al (16), using BSA standards. The protein content of cell 
lysates dissolved in Nonidet P40 was determined using a commercial 
BioRad DC protein assay, using BSA standards. 

[ s H]Thymidine Incorporation Assays 

Mesangial cell proliferation was measured by [ 3 H]thymidihe in- 
corporation. Confluent, quiescent mesangial cells were exposed to 
MPCM or medium alone for 3 d. Then, 1 /xCi/well [ 3 H]thymidine 
(Amersham) was added to directly to each well. The cells were 
incubated for an additional 24 h, after which the culture media were 
discarded and the wells rinsed once with PBS. One milliliter of 0.1 
mM cold thymidine in RPMI + 0.5% FCS was then added to each 
well and incubated at 37° for 20 min. The wells were washed once 
with ice-cold PBS, twice with 10% trichloroacetic acid, and then once 
with PBS again. A total of 250 p,l of 0.5 M NaOH was added to each 
well, and the plate was incubated at 60 to 70°C for 30 min to dissolve 
the cell monolayer. Two hundred microliters of cell lysate from each 
well was added to 4 ml of Ecoscint A scintillation fluid (National 
Diagnostics, Mansville, NJ), followed by 20 pJ of concentrated HC1. 
3 H activity was counted on an LKB 1219 liquid scintillation counter 
(LKB Instruments, Bromma, Sweden). 

Identification of Newly Synthesized Fibronectin 

Blosynthetk Labeling with ^S-Methionine. Confluent, quies- 
cent mesangial cells were exposed to MPCM or medium alone diluted 
1:1 in methionine-free RPMI (Sigma) for 3d. Eighteen hours before 
termination of the experiment, each well was pulsed with 50 jiCi of 
3S S-methionine (Amersham). The culture media were retained, and 
the cell monolayers were washed twice in PBS. Cell lysates were 
prepared as described above. 

Immunoprecipitatkm. To immunoprecipitate the newly synthe- 
sized fibronectin, 20 fil of goat anti-rat fibronectin (Calbiochem) was 
added to 500 ;il of culture medium or 200 p.1 of cell lysate. Normal 
goat serum was used as control. The samples were incubated over- 
night at 4°C. Fifty microliters of insoluble protein A cell suspension 
(10% wet vol/vol of nonviable S. aureus [Cowan strain] cells in 0.04 
M sodium phosphate buffer, pH 7.2, 0.15 M NaCl, and 0.05% sodium 
azide) was then added to precipitate out the antigen: antibody com- 
plexes and then incubated for 4 h at 4°C. The samples were centri- 
fuged for 10 min at 3000 X g, and the pellets were washed three times 
with ice-cold immunoprecipitation buffer (PBS containing 0.5 M 
NaCl, 0.1% sodium dodecyl sulfate [SDS], and 1% Triton X-100, pH 
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7.4), vortexing the pellet thoroughly between each wash. Finally, the 
pellets were washed with ice-cold PBS and dissolved in 70 jud of 
SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer con- 
taining 3% SDS and 10% 2-mercaptoethanol and heated for 7 min in 
a boiling water bath. The dissolved pellets were centrifuged in a 
rnicrofuge for 30 s. 

The radiolabeled proteins were resolved by SDS-PAGE on 5% 
polyacrylamide gels. Newly synthesized proteins were detected by 
autoradiography of dried gels. Bands were quantified by scanning 
densitometry on an LKB Ultrascan densitometer (LKB Instruments). 

Northern Blotting 

Confluent, quiescent mesangial cells were exposed to MPCM or 
medium alone for 24 h. Total RNA was extracted using TRIzol 
reagent (Life Technologies), according to the manufacturer* s instruc- 
tions. Aliquots (30 /ig) of RNA were electrophoresed on a 1% agarose 
gel containing 1.9% formaldehyde in MOPS (3-(Af-morpholino)pro- 
panesulfonic acid). The resolved RNA was transferred onto Hy- 
bond-N nylon membranes (Amersham) by capillary action using 20X 
SSC (1 X SSC - 15 mM tri sodium citrate, ISO mM sodium chloride). 
The membranes were prehybridized for 4 h at 37 or 42°C (depending 
on probe) with 200 fig/ml denatured salmon sperm DNA in 50% 
formamide, 1% SDS, 5X Denhardt's, and 5X saline-sodium phos- 
phate ethylenediaminetetra-acetic acid (SSPE) [IX SSPE = 11.5 mM 
sodium phosphate, 150 mM sodium chloride, 1 mM EDTA]). The 
membranes were then hybridized overnight with a [ 32 PJdCTP cDNA 
probe that had been Klenow DNA polymerase-labeled, using a ran- 
dom primer labeling system (Prime-a-Gene, Promega) in fresh buffer 
(same composition as prehybridization buffer). After hybridization, 
the membranes were washed twice with 1% SDS, 2X SSPE at room 
temperature, twice with 0.2% SDS, 0.2% SSPE at 65°C, then exposed 
to X-Omat LS film (Kodak) with intensifier screens at — 70°C. Mem- 
branes were subsequently stripped in boiling 5% SDS, 0.5 X SSPE 
before reprobing. Densitometric analysis of the transcripts was carried 
out on a BioRad GS 700 imaging scanner. RNA loading was normal- 
ized using a cDNA probe for cyclophilin. Cyclophilin expression was 
not affected by treatment with MPCM (data not shown). 

Probes 

All of the cDNA probes were generous gifts. cDNA for fax fi- 
bronectin was from Dr. R. O. Hynes (Massachusetts Institute of 
Technology) (17); murine al (IV) collagen and laminin Bl "*chain 
cDNA were from Dr. Kurkinen (Department of Medicine and Den- 
tistry of New Jersey-Rutgers Medical School, Piscataway, NJ) 
(18,19); murine TGF^1 was from Dr. R. Akhurst (Department of 
Medical Genetics, Glasgow University, Glasgow, Scotland) (20); 
murine PDGF B chain was from Dr. C. D. Stiles (Dana Farber Cancer 
Institute, Harvard Medical School, Boston, MA) (21); murine,tissue 
inhibitor of metalloproteinase (TIMP)-l cDNA was from Dr. D. T. 
Denhardt (Department of Biochemistry, Rutgers University, Piscat- 
away, NJ); rat transin was from Professor R. Breathnach (Laboratoire 
de Recherche, Nantes, France) (22); and human cyclophilin was from 
SmithKline Beecham Pharmaceuticals. 



Statistical Analyses 

Data were expressed as means ± SEM. For comparison of means 
between two groups, an unpaired t test was used. To compare values 
between multiple groups, ANOVA with a Bonferroni correction was 
applied. Statistical significance was defined as P < 0.05. 



Results 

Effect of Macrophage/Mesangial Cell Coculture on 
Fibronectin Production 

Macrophages cultured in the presence of 0.5% FCS for 3 d 
generated small amounts of secreted fibronectin dose depen- 
dency (Figure 1). Mesangial cells also constitutively secreted 
fibronectin. However, direct coculture of macrophages with 
mesangial cells resulted in a synergistic increase in fibronectin 
production proportional to the number of added macrophages 
(Figure 1). 

Effect of MPCM on Mesangial Cell Fibronectin 
Production 

To verify that the macrophage effect on mesangial cell 
fibronectin production was due to secreted factors and could 
occur independently of cell:cell contact, mesangial cells were 
exposed to MPCM. 

Although macrophages cultured for 3 d in 0.5% FCS se- 
creted fibronectin, the matrix protein could not be detected in 
MPCM per se. Cultured mesangial cells constitutively secreted 
low levels of fibronectin into the culture medium (Table 1). 
Addition of MPCM significantly enhanced this production 
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Figure 1. Effect of macrophage/mesangial cell coculture on fibronec- 
tin production. Increasing numbers of macrophages were cultured 
alone or in combination with confluent, quiescent mesangial cells for 
3 d in medium containing 0.5% fetal calf serum (FCS). Tissue culture 
supernatants were assayed for fibronectin. Results are means ± SEM 
of eight wells. 
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Table L Time course of fibronectin secretion in response to 
MPCM a 



Day 


Fibronectin 
(fig/ml) 




Medium 


MPCM 


0 


0 


0 


3 


1.21 ± 0.13 


4.48 ± 0.46 


5 


1.83 ± 0.18 


5.92 ± 0.46 


7 


2.34 ± 0.37 


9.40 ± 1.15 



* Mesangial cells were incubated with MPCM jpj 3, 5, and 1 d. 
Supernatants were assayed for fibronectin. Values' are means ± 
SEM (n — 3) each carried out in quadruplicate. K#CM, 
macrophage-conditioned medium. 



with time (Table 1). The effect of MPCM demonstrated a clear 
dose dependency (Figure 2A), which was maintained when 
fibronectin production was expressed as a function of total cell 
DNA (Figure 2B) or protein (Figure 2Q, indicating that the 
effect was not secondary to an increase in cell number. 

MPCM also caused an increase in cell-associated fibronec- 
tin. Of the total amount of fibronectin produced by mesangial 
cells, approximately 80% was secreted into the supernatant, 
whereas 20% was cell-associated (427.5 ± 59 ng//tg cell 
protein in supernatant versus 80.1 ± 16.1 ng//xg cell protein in 
cell lysate). Values are means ± SEM (n = 4). 

The increase in fibronectin was not a result of residual or 
contaminating endotoxin in the MPCM activating the mesan- 
gial cells, because addition of LPS to a final Concentration of 
1 jig/ml directly to mesangial cells did not result in an increase 
in constitutive fibronectin levels in either the secreted or cell- 
associated forms (data not shown). 

Effect of MPCM on Mesangial Cell Proliferation 

[ 3 H] Thymidine incorporation assays were-" used to assess 
mesangial cell proliferation in response to MPCM. MPCM 
suppressed mesangial cell proliferation dose dependently: the 
greater the concentration of MPCM, the lower the incorpora- 
tion of [ 3 H]thymidine (Figure 3). 

Effect of MPCM on De Novo Fibronectin Synthesis 

To assess whether the observed increase in fibronectin levels 
was due to an increase in protein synthesis, biosynthetic label- 
ing of fibronectin was carried out. Autoradiographs of the 
immunoprecipitated, biosynthetically labeled fibronectin 
showed that exposure of mesangial cells to MPCM resulted in 
an increased fibronectin synthesis over that of medium alone 
(Figure 4, A and B). Densitometric analysis of the 220-kD 
fibronectin band from three independent experiments showed 
5.9- and 4.4-fold increases over control in the secreted and 
cell-associated forms of MPCM-induced fibronectin, respec- 
tively (0.31 ± 0.06 versus 0.053 ± 0.007, P < 0.001, and 
0.31 ± 0.07 versus 0.073 ± 0.016, P < 0.005 arbitrary 
densitometric units). 
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Figure 2. Effect of macrophage-conditioned medium (MPCM) on 
mesangial cell fibronectin production. Confluent, quiescent mesangial 
cells were incubated with 0, 1, 10, 20, 50, and 100% MPCM for 7 d. 
Culture supernatants were assayed for fibronectin. Cell lysates were 
assayed for total cell DNA and total cell protein. Results are expressed 
as micrograms of fibronectin secretion per milliliter (A), per micro- 
gram of cell DNA (B), and per microgram of cell protein (C). A 
representative experiment from three experiments carried out in qua- 
druplicate is shown. 
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Figure 3. Effect of dose of MPCM on mesangial cell proliferation. A 
total of 1 jxCi/ml [ 3 H]thymidine was added to mesangial cells exposed 
to 0, 1, 10, 20, 50, and 100% MPCM. Results are means ± SEM of 
eight wells. *P < 0.001; **P < 0.003 versus medium alone (0% 
MPCM). 

Effect of MPCM on Mesangial Cell Extracellular 
Matrix Gene Transcription 

Figure 5 illustrates that there was an increase in mesangial 
cell fibronectin mRNA in quiescent rat mesangial cells ex- 
posed to MPCM for 24 h. Analysis of the 8-kb fibronectin band 
by scanning densitometry showed that fibronectin mRNA was 
increased 2.9 ± 0.24-fold (P < 0.001, n = 5) over control cells 
exposed to medium alone (normalizing for RNA loading with 
cyclophilin). A second, larger transcript (>?.49 kb) was also 
seen, but was not included for analysis in this study. As well as 
message for fibronectin, the genes for the matrix proteins 
collagen IV (a 1 (IV) collagen) and laminin (Bl chain) were 
also upregulated 3.1 ± 0.3-fold (P < 0.001, n = 4) and 4.9 ± 
0.2-fold (P < 0.001, n = 4), respectively (Figure 5). 

Effect of MPCM on Mesangial Cell Transin and 
TIMP-1 Gene Transcription 

Stromelysin or rat transin is a matrix ipetalloproteinase 
(MMP) that is able to degrade various matrix components, 
including fibronectin (23). Northern blot analysis demonstrated 
that MPCM induced de novo transin expression in mesangial 
cells, whereas TIMP-1 mRNA was upregulated 15.2 ± 2.5- 
fold (P < 0.001, n = 6) over control levels (Figure 6). 

Detection of Growth Factors in MPCM and Tissue 
Culture Supernatants 

TGF/3, PDGF, TNFor, and IL-1/3 are cytokines whose pres- 
ence in the glomerulus has been associated with the progres- 



sion to glomerulosclerosis. None of the cytokines could be 
detected in MPCM using the commercially available ELISA. 
After concentration of MPCM 20X using Amicon Centriprep 
3 concentrators (Amicon), TGF0, PDGF, and IL-10 remained 
undetectable, although TNFa was detected at a concentration 
of 90 pg/ml. However, TGF0 and PDGF-AB were detected in 
mesangial cell culture supernatants (2.56 ± 0.69 and 1.18 ± 
0.22 ng/ml, respectively), suggesting that these cytokines were 
autocrinally secreted by mesangial cells. Furthermore, this 
autocrinal secretion was upregulated 1.69 ±0.16- and 2.29 ± 
0.28-fold, respectively (P < 0.001, n = 8), in response to 
MPCM. The secreted TGF0 was in the latent, or inactive, 
form, since it could not be detected in the assay unless the 
samples had been activated by acidification. 

Northern blot analysis demonstrated that the observed in- 
crease in secreted cytokines in response to MPCM had been 
preceded by an upregulation of message for these cytokines 
(Figure 7). TGF0 mRNA transcription was upregulated 2.2 ± 
0.4-fold (P < 0.001, n = 4) and PDGF B chain mRNA 5.7 ± 
1.2-fold (P = 0.004, n = 5) over control levels (Figure 7). 
Neither TNFa nor EL- 10 could be reliably detected in tissue 
culture supernatants from mesangial cells exposed to MPCM. 

Effect of Suramin on MPCM-Mediated Mesangial Cell 
Fibronectin Production 

To ascertain the contribution of autocrinally secreted TGF/3 
and PDGF to the observed increase in fibronectin levels, the 
growth factor receptor antagonist suramin was used. Binding 
of exogenously added TGF/3 and PDGF to fixed mesangial 
cells could readily be detected under control conditions, as 
evidenced by an increase in A 492 (Table 2). Addition of 
suramin significantly decreased detectable, bound TGF/3 and 
PDGF. Indeed, addition of suramin produced A 492 readings 
that were similar to those observed in medium without exog- 
enously added cytokines (i.e., background), confirming that 
suramin could effectively abolish TGF0 and PDGF binding to 
mesangial cells by interfering with cytokine receptor binding. 

Exposure of mesangial cells to MPCM, in combination with 
150 jig/ml suramin, resulted in a reduction of secreted fi- 
bronectin to 83.8 ± 4.4% (P = 0.02, n = 3) and a reduction of 
cell-associated fibronectin to 59.5 ± 3.0% (P = 0.005, n = 3) 
of control levels. Suramin had no statistically significant effect 
on basal fibronectin production by mesangial cells. 

Effect of Neutralizing Antibodies on MPCM-Mediated 
Fibronectin Production 

In an alternative approach to assessing the contribution of 
known cytokines to the observed effects of MPCM, mesangial 
cells were exposed to a panel of neutralizing antibodies. Anti- 
TGF/3 significantly reduced MPCM-mediated supernatant fi- 
bronectin production to 72.9 ± 3.7% of untreated MPCM (P < 
0.001, n = 5) and cell-associated fibronectin production to 
66.3 ± 6.8% (P = 0.003) (Table 3). Antibodies to PDGF, 
TNFa, and IL-1/3 had no significant effect, suggesting that 
these cytokines, at least individually, played no role in MPCM- 
mediated fibronectin production. (Antibody concentrations of 
up to 50 Mg/ml did not produce any greater reduction in 



Mesangial Cell Responses to Macrophages 1S31 




MPCM Medium MPCM Medium 

Figure 4. Effect of MPCM on de novo fibronectin synthesis. Autoradiograph of immunoprecipitated supernatant (A) and cell-associated 
35 S-fibronectin (B). A representative autoradiograph from three experiments is shown. 



fibronectin production by mesangial cells [data not shown], ) A 
"cocktail" of neutralizing antibodies to the cytokines TGF/3, 
PDGF, TNFa, and IL-1/3 was effectively able to abolish fi- 
bronectin secretion stimulated by exogenously added cytokines 
(6.7 ± 5.7, P < 0.001) (Figure 8A). However, the same 
cocktail was only able to reduce MPCM-stimulated fibronectin 
secretion to 77.9 ± 7.4% of untreated MPCM {P = 0.04, n = 
3) (Figure 8B), a degree of reduction that was no greater than 
that observed with anti-TGF0 alone. 

* * 

Discussion 

The present study demonstrates that macrophage-derived 
factors can initiate renal scarring directly, by production of 
matrix proteins, and also indirectly, via the production of 
profibrogenic cytokines and modulation of matrix turnover. 

In the current study, MPCM caused cultured mesangial cells 
to secrete fibronectin in a time- and dose-dependent manner. 
The fibronectin was derived from mesangial cells since the 
matrix protein was not detected in the MPCM per se, although 
fibronectin was secreted by macrophages cultured for 3 d in 
medium containing 0.5% FCS. This is in agreement with 
observations by other investigators who demonstrated that 
human and mouse macrophages also secrete fibronectin 
(24,25). The function of macrophage fibronectin may be to aid 
binding of macrophages to mesangial cells, because Dubois et 
al (26) have shown that, in vitro, rat peritoneal macrophages 
preferentially bind to rat mesangial cells via interactions with 
fibronectin expressed on the macrophage cell surface. How- 
ever, our data indicate that macrophages can induce mesangial 
cell fibronectin production independently of macrophage:me- 
sangial cell contact. This increase in fibronectin secretion 
could not be accounted for by endotoxin contamination of 
MPCM, because addition of LPS directly to mesangial cells 
had no effect on basal fibronectin production. 

Northern blot analysis, taken together with the biosynthetic 
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Figure 5. Effect of MPCM on mesangial cell extracellular matrix gene 
transcription. Northern blot analysis was carried out on RNA ex- 
tracted from mesangial cells incubated with MPCM or medium alone 
for 24 h. RNA was probed for fibronectin, al(IV) collagen IV, and 
larninin Bl chain. Representative blots from four to five experiments 
are presented. 



1532 



Journal of the American Society of Nephrology 



Transin 



.•: • --.V- 



1.9kb 



TIMP-1 



l.Okb 



Cyclophilin 



T^rrt'^WJh*-* Kt«^WtK ^Oviw^'^iw., A » J'** 



1 .8kb 



Table 2. Effect of suramin on the binding of TGF/3 and 
PDGF to mesangial cells" 



Group 




A 492 


Control 


+ Suramin 


Medium 


0.327 ± 0.007 


0.326 ±0.003 


TGF0 


0.456 ± 0.008 


0.370 ± 0.008 b 


PDGF 


0.438 ± 0.007 


0.346 ± 0.007 b 



■ Glutaraldehyde-fLxed mesangial cells were incubated with 10 
ng/ml of either TGF/3 or PDGF in the presence or absence of 150 
jtg/ml suramin. Bound cytokine was detected using anti-TGF/3 or 
anti-PDGF antibodies followed by the appropriate horseradish 
peroxidase-labeled second antibody and colorimetric analysis 
(expressed as A 492 ). Each value represents means ± SEM of six 
wells (one of three representative experiments). A, absorbance; 
TGF, transforming growth factor, PDGF, platelet-derived growth 
factor. 

b P < 0.001 versus corresponding suramin-untreated cells. 



Medium MPCM 

Figure 6. Effect of MPCM on mesangial cell transin and tissue 
inhibitor of metalloproteinase-1 (TIMP-1) gene transcription. North- 
em blot analysis of mesangial cell RNA after treatment with MPCM 
or medium alone. Representative blots from five and six experiments, 
respectively, are shown. 
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Table 3. Effect of neutralizing antibodies on MPCM- 
mediated fibronectin production 



Group 



Fibronectin 
(% of MPCM) 



Supernatant 



Cell Lysate 



MPCM 


100 


100 


aTGF0 


72.9 ± 3.7 b 


66.3 ± 6.8 C 


aIL-1/3 


107.0 ± 4.8 


1 10.5 ± 7.5 


aPDGF 


102.5 ± 5.3 


95.0 ± 7.1 


aTNFa 


100.1 ± 0.6 


99.0 ± 7.2 



* Mesangial cells were exposed to MPCM in combination with 
antibodies (a) to TGF0, EL* 10, PDGF, or TNFa. Supematants and 
cell lysates were assayed for fibronectin. Values are means ± SEM 
(n ~ 3 to 5), each carried out in quadruplicate. DL, interleukin; 
TNF, tumor necrosis factor. 

h P< 0.001. 

c P = 0.003 versus untreated MPCM. 
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Figure 7. Effect of MPCM on TGF0 and PDGF B chain gene 
transcription. Northern blot analysis of mesangial cell RNA after 
treatment with MPCM or medium alone. One representative blot from 
five experiments is shown. 

labeling studies, suggests that the MPCM-mediated upregula- 
tion of mesangial cell fibronectin production occurs, at least in 
part, as a result of increased mRNA transcription and protein 



synthesis. However, MPCM was also found to induce the 
expression of mRNA for the MMP transin and to upregulate 
mRNA for TIMP-1. Although upregulation of message does 
not always suggest translation of protein, a number of reports 
have suggested that TIMP-1 mRNA expression and protein 
secretion are tightly coupled (27). These observations suggest 
that macrophage-derived products may also modulate matrix 
turnover, and they raise the possibility that fibronectin accu- 
mulation could also result from a net decrease in degradation 
rate, depending on the balance between MMP and TIMP-1 
production. However, the fivefold accumulation in fibronectin 
protein as assessed by both the ELISA and immunoprecipita- 
tion studies confirms that the net effect of macrophage-derived 
products is the accumulation of matrix proteins. 

The observed increase in fibronectin levels was not second- 
ary to a stimulation of cell proliferation. When fibronectin 
secretion was expressed per unit cell DNA or cell protein, the 
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Figure 8, Effect of a cocktail of neutralizing antibodies on MPCM and cytokine-mediated fibronectin production. Mesangial cells were exposed 
to cytokines (Panel A) or MPCM ± a cocktail of neutralizing anticytokine antibodies (AB) (Panel B). Supernatants were assayed for 
fibronectin. Values are means ± SEM (n = 3), each carried out in quadruplicate. *P = 0.04; **P < 0.001 versus MPCM. 



effects of MPCM were still observed. [ 3 H]Thymidine incorpo- 
ration assays showed that MPCM actually suppressed mesan- 
gial cell proliferation, or at least [ 3 H]thymidine uptake. The 
suppressive effect of MPCM is in agreement with the findings 
of Ooi et al (28), who demonstrated suppression of mesangial 
cell proliferation by murine MPCM derived from endotoxin- 
treated mice. These observations contrast With those of other 
researchers who have found that MPCM can stimulate mesan- 
gial cell proliferation (29-32). The differences between, these 
studies may be a function of the concentration of mitogenic 
factors in MPCM, because Mattana and Singhal (33) found that 
macrophage supernatants had both stimulatory and suppressive 
effects on mesangial cell proliferation, depending on the con- 
centration of the supernatant used. Alternatively, the disparity 
may be due to the particular experimental conditions used. 

At present, it is not clear whether the factor(s) suppressing 
proliferation and inducing fibronectin production are identical. 
Many in vivo studies have reported that cell proliferation 
precedes matrix accumulation, which has led to the formula- 
tion of the hypothesis that mesangial cell proliferation and 
accumulation of extracellular matrix are inextricably linked 
(34). Eng et al. (35), however, were able to demonstrate that 
the two processes could be partially dissociated. They demon- 
strated that administration of interferon-7 to anti-Thy-1 ne- 
phritic rats significantly reduced cell proliferation while in- 
creased levels of matrix deposition were maintained. These in 
vivo experiments thus concur with the findings reported in the 
study presented here, i.e., that proliferation and matrix synthe- 



sis can be dissociated. This is further supported by the findings 
of Groggel and Hughes, who demonstrated that heparan sulfate 
could stimulate rat mesangial cell matrix production while 
decreasing cell number (36), and those of Zhu et al. (37), who 
demonstrated that light chains isolated from patients with bi- 
opsy-proven light-chain deposition disease were able to in- 
crease mesangial cell fibronectin, laminin, and collagen IV in 
the absence of cell proliferation. 

Laminin and collagen are matrix proteins more commonly 
associated with the basement membrane, although they are 
present in the mesangium in small amounts. Under pathophys- 
iological conditions, increased amounts of these matrix pro- 
teins are found in the mesangium. This study demonstrates that 
MPCM produces an increase in mesangial cell production of 
these three matrix proteins, consistent with the notion that 
macrophage-derived products play a role in the development of 
glomerulosclerosis. The combined expression of fibronectin, 
laminin, and collagen IV in mesangial cells has been reported 
previously in a number of other experimental systems, includ- 
ing: (7) exposure to high glucose conditions (38); (2) after 
stimulation with thromboxane (39); and (3) after treatment 
with morphine-stimulated macrophages (30). Differential ex- 
pression of the three matrix proteins has also been described 
(40). The extracellular matrix in sclerosed mesangial areas 
generally contains these matrix proteins, although the exact 
composition varies among diseases. Whether the production of 
the three matrix proteins occurs in a coordinated manner in 
response to one factor via the activation of a common tran- 
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scriptional element or whether each matrix protein is indepen- 
dently regulated by several different factors is yet to be eluci- 
dated. TGF/3, for example, has been shown to directly 
stimulate the activity of a2(I) collagen promoter (41) and the 
fibronectin promoter (42) in human cell lines, and it has been 
speculated that matrix genes, often coexpressed after stimula- 
tion with TGF/3, might be activated by a common transcrip- 
tional factor such as nuclear factor 1 (43). 

TGF/3 has been shown to be expressed in many conditions, 
leading to glomerulosclerosis. Ding et al, in experiments on 
PAN-nephrotic rats, have tentatively identified glomerular 
macrophages as a potential source of TGF/3 (8). In the current 
study, TGF/3 was not detected in MPCM per se, although 
mesangial cells were shown to constitutively secrete TGF/3 
(and PDGF-AB) into their culture media, and this autocrinal 
secretion was further upregulated in response ' to MPCM. The 
secreted TGF/J was found to be in the latent or inactive form, 
in accord with the findings of other investigators (44). 

The experiments with the neutralizing antibodies suggest 
that, with the exception of TGF/3, the other cytokines, individ- 
ually, play no role in MPCM-mediated fibronectin production. 
The antibodies used in this study were neutralizing for either 
mouse or human cytokines and were able to completely block 
the activity of exogenously added human or mouse cytokines at 
the concentration used; whether they would also neutralize 
endogenous rat cytokines is difficult to ascertain with the 
current, limited availability of rat cytokines. However, it is 
noteworthy that higher concentrations of antibody (50 jig/ml) 
demonstrated no additional effect. Moreover, suramin, whose 
action to inhibit growth factor binding would be species- 
independent, demonstrated a comparable (and no greater) re- 
duction in fibronectin accumulation to those seen with the 
anti-TGF0 neutralizing antibody. Taken together, the data sug- 
gest that TGF0 plays a small but significant role in MPCM- 
mediated fibronectin production. However, the majority of the 
fibronectin-stimulating activity in MPCM cannot be attributed 
to this growth factor. The identity of the factors) responsible 
for the majority of the stimulatory activity remains to be 
elucidated. Although TGF0 has been implicated in the patho- 
genesis of glomerulosclerosis (45), it is of note that Border and 
associates have reported that in rat mesangial cells expression 
of fibronectin, laminin, and collagen IV is not substantially 
affected by TGF0, as demonstrated by immunoprecipitation of 
metabolically labeled culture supernatants (46). 

Whether the macrophage model used in this study, i.e., 
thioglycollate-elicited, LPS-stimulated peritoneal macro- 
phages, represents or reflects the effects of infiltrating macro- 
phages found in conditions of renal disease is unclear. To date, 
the precise activation state of infiltrating macrophages has not 
been fully described and no doubt varies according to a number 
of criteria, including cell origin, maturity, and environmental 
and immunological factors (47,48). However, certain compar- 
isons can be made between the present in vitro system and the 
pathophysiological in vivo conditions. Infiltrating macrophages 
are, in a broad sense, elicited into the glomerulus by the actions 
of chemokines, etc. Macrophage adherence to plastic surface 
has been shown to mimic the spreading of these cells to 



vascular surfaces (49). In vitro, the process of adhesion itself 
has been shown to upregulate the gene transcription of certain 
cytokines, which are generally not translated until they have 
received a second signal from agents such as LPS (50). In 
addition, it has been shown previously that peritoneal macro- 
phages behave in a qualitatively similar way to glomerular 
macrophages. For example, peritoneal and glomerular macro- 
phages from diet-induced hypercholesterolemic and PAN-ne- 
phrotic rats both exhibit an upregulation of TGF/3 gene expres- 
sion (10). The current studies clearly demonstrate that 
macrophage-derived products can induce potent profibrogenic 
characteristics in mesangial cells. The use of MPCM more 
closely mimics the likely events occurring in vivo than those 
studies that used heterologous, purified recombinant proteins 
(traditionally associated with macrophages) added in "indus- 
trial," or at least nonphysiological, concentrations to achieve 
similar effects. 

In conclusion, this study provides direct evidence of a role 
for macrophages in the development of glomerulosclerosis; 
macrophage secretory products comprise all of the elements 
required for the initiation of the sclerotic process, as evidenced 
by the upregulation of the expression of proteins, genes, or 
both, for matrix proteins and profibrogenic growth factors and 
the ability to modulate matrix turnover by augmenting the 
mRN A expression of both the MMP transin and the inhibitor of 
matrix degradation TTMP-1. 

Although TGF0 plays an important role in the fibrogenic 
process, other factors, some of which are yet to be identified, 
are also involved. 
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Abstract. Mononuclear cell infiltration in glomeruli and renal 
interstitium is a prominent feature of some types of glomeru- 
lonephritis, including lupus nephritis. The mechanism(s) un- 
derlying monocyte influx into the kidney is not fully under- 
stood. Recently, monocyte chemoattractant protein- 1 (MCP-1) 
has been identified as a chemotactic factor involved in the 
recruitment of monocytes/macrophages in the glomeruli of rats 
with mesangioproliferative as well as anti-glomerular base- 
ment membrane glomerulonephritis. In the study presented 
here, renal MCP-1 mRNA expression in New Zealand Black x 
New Zealand White (NZB/W) Fl mice, a model of genetically 
determined immune complex disease that mimics systemic 
lupus in humans, was investigated. Northern blot analysis 
revealed a single 0.7 kb MCP-1 transcript of very low intensity 
in kidneys from 2-month-old NZB/W mice that had not yet 
developed proteinuria nor renal damage. Message levels, 



The New Zealand Black x New Zealand White (NZB/W) Fl 
hybrid mice spontaneously develop an autoimmune disease 
that closely resembles systemic lupus erythematosus (SLE) in 
humans (1,2). The disease manifests with circulating antibod- 
ies to nucleic acid and endogenous antigens, renal immune 
deposits, and proteinuria. The resulting progressive glomeru- 
lonephritis is the primary cause of death in these animals. 
Mononuclear inflammatory cells infiltrate glomeruli and renal 
interstitium of mice with experimental lupus and humans with 
lupus nephritis (3,4). The precise mechanism(s) governing 
inflammatory cell recruitment into the kidney is unknown, 
despite sparse data implying a role of recently discovered 
chemoattractants and/or adhesion molecules (5,6). Among 
novel chemoattractants, a family of proinflammatory cyto- 
kines — chemokines (7) — including the monocyte chemoat- 
tractant protein- 1 (MCP- 1 ), a potent chemoattractant for mono- 
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which increased markedly with the progression of nephritis and 
in association with mononuclear cell infiltration, were 10- and 
15- fold higher in 8-10-month-old mice than in 2-month-old 
mice. By in situ hybridization, increased expression of MCP-1 
mRNA was demonstrated in glomeruli and, even more striking, 
in tubular epithelial cells. Western blot analysis demonstrated 
increased expression of MCP-1 protein in kidneys of 10- 
month-old NZB/W mice, consistent with MCP-1 mRNA data. 
When NZB/W mice were treated with cyclophosphamide up to 
12 months of age, expression of MCP-1 in the renal tissue 
remained low, the influx of inflammatory cells did not appear, 
and glomerular and tubular structures remained well preserved. 
These data suggest that elevated MCP- 1 might act as a signal 
for inflammatory cells to infiltrate the kidney in lupus 
nephritis. (J Am Soc Nephrol 8: 720-729, 1997) 



cytes (8,9) and for T lymphocytes (10,11), can theoretically 
play a pivotal role (12). MCP-1 expression and production can 
be regulated by cytokines and other inflammatory mediators in 
several cell types, including endothelial cells (13-15), mesan- 
gial cells (16,17), tubular epithelial cells (18), and monocytes/ 
macrophages (19). Of relevance is the observation that in 
cultured mouse mesangial cells, binding of IgG aggregates and 
IgG complexes to specific Fc receptors increased MCP-1 
mRNA and promoted the synthesis of the corresponding pro- 
tein product (20,21). The above data can be taken to indicate 
that MCP-1 may act in glomerular immune complex disease as 
a critical molecule to the full expression of local inflammatory 
reaction. Actually, some data indicate that MCP-1 is overex- 
pressed in glomeruli taken from rats with anti-thymocyte an- 
tibody-induced glomerulonephritis (22), as well as from rats 
with anti-glomerular basement membrane (GBM) glomerulo- 
nephritis (23,24). Moreover, immunohistochemical studies 
have shown increased staining for MCP-1 in renal tissue from 
patients with renal diseases associated with inflammatory cell 
accumulation in glomeruli or interstitium (23,25). Our group 
has recently shown that patients with active lupus nephritis had 
high levels of urinary MCP-1 as compared with lupus patients 
studied in the inactive phase of the disease or with healthy 
controls (26), which would suggest that in lupus nephritis, 
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excessive renal MCP-1 could contribute to mononuclear cell 
migration into the kidney. 

In the study presented here, we sought to investigate in 
lupus-prone NZB/W mice (i) renal MCP-1 mRNA expression 
at different time courses during the development of renal 
lesions; (2) the sites of MCP-1 mRNA in the kidney; (J) the 
effect of immunosuppressant therapy on renal MCP-1 expres- 
sion. 

Materials and Methods 

Experimental Design 

NZB/W Fl female mice (Charles River Italia., Calco, Italy), 2 
months of age at the start of the experiment, were used in these 
studies. Animal care and treatment were conducted in conformity with 
the institutional guidelines in compliance with national and interna- 
tional laws and policies (EEC Council Directive 867609, OJL 358, 
Dec 1987; NIH Guide for the Care and Use of Laboratory Animals! 
NIH Publication No. 85-23, 1985). All animals were housed in a 
constant-temperature room with a 12-h dark, 12-h tight cycle and fed 
a standard diet. Animals were divided into four groups, which were 
euthanized at 2. 6, 8, and 10 months of age, respectively. At the 
beginning of the study, groups 1, 2, and 3 were of N = 9 mice each, 
and group 4 was of N - 12 mice. At 2 months of age, before the onset 
of renal disease (1,2) all mice were housed in metabolic cages and 
24-h urines were collected for determination of basal urinary protein 
excretion levels. Baseline values of urinary protein excretion ranged 
from 0.50 to 2.90 mg/day. Thus levels exceeding 3 mg/day were 
considered abnormal. Urinary protein excretion was then measured 
every month. Serum BUN levels were measured at the end of the 
experimental period. At the time that the animals were euthanized, 
renal tissue specimens were removed for (J) histologic analysis by 
light (all mice) and electron microscopy (N = 5 mice for each group, 
randomly selected); (2) RNA extraction and Northern blot analysis 
(all mice); (J) in situ hybridization (N = 3 mice for each group, 
randomly selected); and (4) Western blot analysis (AT = 3 mice of 
groups 1 and 4, randomly selected). 

Two additional groups of NZB/W Fl mice (AT = 1 5 for each group) 
were treated with cyclophosphamide at the dose of 25 mg/kg ip once 
a week or vehicle— phosphate buffer solution (PBS) — starting at 3 
months of age until 12 months. In all mice, urinary protein excretion 
was evaluated every month. At the time that the animals were eutha- 
nized, renal tissue specimens were removed for renal morphology (all 
mice). Northern blot analysis (all remaining mice of vehicle group and 
N = 6 mice, randomly selected, for cyclophosphamide group), and in 
situ hybridization. For comparison, five CD-I (ICR) BR untreated 
mice were followed until 12 months of age. 

Renal Morphology 

Light Microscopy. Fragments of renal cortex were fixed in 
Dubosq-Brazil, dehydrated in alcohol, and embedded in paraffin. 
Sections (3 /*m each) were stained with hematoxylin and eosin, 
Masson's trichrome, and periodic acid-Schiffs reagent. Each biopsy 
included at least 100 glomeruli. Glomerular endocapillary hypercel- 
lularity was quantitated by a scoring system from 0 to 3+ (0, no 
hypercellularity; 1 +, mild; 2+, moderate; and 3+, severe). Extracap- 
illary proliferation was graded from 0 to 3+ (0, no hypercellularity; 
1+, <25% of glomeruli involved; 2+, 253-50% of glomeruli in- 
volved; and 3+, >50% of glomeruli involved). Glomerular deposits 
were graded from 0 to 3+ (0, no deposits; 1 +, <25% of glomeruli 
involved; 2+, 253h-50% of glomeruli involved; and 3+. >50% of 



glomeruli involved). Glomerular sclerosis was graded from 0 to 3+ 
(0, no sclerosis; 1+, sclerosis affecting <25% of glomeruli; 2+, 
sclerosis affecting 253-50% of glomeruli; and 3+, sclerosis affecting 
>50% of glomeruli). Tubular (atrophy, casts, and dilatation) and 
interstitial changes (fibrosis and inflammation) were graded from 0 to 
3+ (0, no changes; 1 +, changes affecting <25% of the sample; 2+, 
changes affecting 25%-50% of the sample; and 3+, changes affecting 
>50% of the sample). At least 100 glomeruli were scored per mouse, 
and 10-18 fields per mouse were examined at low magnification 
(10X) for histologic scoring of the interstitium. All renal biopsies 
have been analyzed by the same pathologist, blind to the nature of the 
experimental groups. 

Electron Microscopy. Small fragments of kidney were fixed in 
2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 4 h at 
4°C. Samples were washed in cacodylate buffer and subsequently 
postfixed in 1% osmium tetroxide for 1 h. After a brief wash in 
cacodylate buffer, they were dehydrated through ascending grades of 
alcohol and embedded in Epon resin. Sections were cut on an LKB V 
ultramicrotome (Bromma, Sweden). Semithin sections were stained 
with toluidine blue in borax and examined by light microscopy. 
Ultrathin sections were stained with uranyl acetate and lead citrate, 
and then they were examined with a Zeiss EM 109. 

RNA Isolation and Northern Blot Analysis 

Total RNA was isolated from mouse kidneys by the guanidium 
isothiocyanate/cesium chloride procedure, as previously described 
(27). For mRNA preparation, total RNA of kidneys of each group of 
NZB/W mice was pulled together. Poly (A)+ RNA was selected by 
oligo (dT>cellulose column chromatography (mRNA separator, Clon- 
tech, Palo Alto, CA). Then. 7 M g of mRNA were fractionated on 1.2% 
agarose gel and blotted onto synthetic membranes (Gene Screen Plus, 
New England Nuclear, Boston, MA). Plasmid containing murine 
JE/MCP-1 probe was kindly provided by Dr. Charles D. Stiles (Har- 
vard Medical School and Dana-Farber Cancer Institute, Boston, MA). 
MCP- 1 mRNA was detected by using the 577 bascpair (bp) of MCP- 1 
cDNA (28). The cDNA fragment of MCP-1 was labeled with 
a PdCTP by random-primed method (29). Membranes were hybrid- 
ized for 20 h at 60°C with 1.5 X 10 6 cpm-labeled probe, and the filters 
were washed as previously described (30) and exposed to x-ray film 
for autoradiography. Membranes were subsequently probed with a 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA (31), 
taken as the internal standard of equal loading of the samples on the 
membrane. MCP-1 mRNA optical density was normalized to that of 
the constituently released GAPDH gene expression. Data of MCP-1 
mRNA levels (N = 3 experiments) were analyzed by one-way anal- 
ysis of variance using the Tukey test for multiple comparisons. Sta- 
tistical significance was defined as P < 0.05. 

Preparation of Digoxigenin-Labeled Murine JE/MCP-1 
Riboprobes 

The murine JE/MCP-1 antisense and sense RNA probes were 
synthesized and labeled by in vitro transcription using digoxigenin- 
labeled uridine triphosphate. A 577-bp murine JE/MCP-1 cDNA was 
cloned into the EcoRI site of the pGEM - 1 vector between SP6 and T7 
promoters (gift from Dr. Charles D. Stiles) The plasmid was linear- 
ized with the appropriate restriction enzymes, SacI (antisense murine 
JE/MCP-1, T7 polymerase) and SPel (sense murine JE/MCP-1, SP6 
polymerase), and purified by phenol/chloroform extraction and'etha- 
nol precipitation. Linearized plasmid was resuspended in diethyl 
pyrocarbonate (DEPQ-treated water. Transcription of 1 M g linearized 
plasmid was performed using a DIG RNA labeling Kit (Boehringer- 
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Mannheim Biochemica, Mannheim, Germany). The reaction products 
were ethanol precipitated and stored at 70°C until use. Labeling 
efficiency of the riboprobe was estimated by comparison with 10-fold 
serial dilutions of a digoxigenin-labeled control riboprobe (Boehr- 
inger Mannheim Biochemica) and direct detection of the labeled 
riboprobe with anti-digoxigenin antibodies. Riboprobe concentrations 
were adjusted to be equivalent on the basis of the labeling efficiency 
before use in the in situ hybridization studies. 

In Situ Hybridization 

Ten percent neutral buffered formalin-fixed and paraffin-embedded 
renal tissues were cut at 4 pun and floated onto 2% 3-aminopropyI- 
triethoxysilane (APES) (Sigma Chemical, St. Louis, MO) coated 
slides. Sections were heat-fixed for 30 min at 65°C and depar- 
affinized. After a 30- min incubation in 5 mmol/L levamisole, the 
sections were washed in PBS and in DEPC- treated water for 5 min, 
respectively, and then immersed in 0.2 mol/L HC1 for 20 min. Then! 
the sections were deproteinized by digestion with 40 /xg/mL protein- 
ase K (Sigma) for 10 min at 37°C, washed in 0.2% glycine for 5 min 
twice and in PBS for 10 min, and postftxed with 1.5% paraformal- 
dehyde- 1.5% glutaraldehyde for 1 min. After rinsing twice for 5 min 
in PBS, sections were dehydrated through a graded ethanol series and 
air dried. The sections were hybridized with the RNA probes at the 
final concentrations of 0.1-0.5 ng/jjj in 2 X SSC, 10% dextran 
sulfate. 1 X Denhardt's solution, 20 mM Vanadyl Ribonucleotide 
Complex (GIBCO BRL, Life Technologies, Gaithersburg, MD), 0.1 
M sodium phosphate under sealed coverslips and incubated overnight 
in a moist chamber at 42°C. They were washed in 0.2 X SSC and then 
blocked with a buffer blocking solution (50 mg/mL skimmed dried 
milk, 150 mM NaCl in 100 mM Tris HCL, pH 7.8) at room temper- 
ature for 15 min, and the sections were incubated with anti-digoxige- 
nin antibody conjugated with alkaline phosphatase (Boehringer- 
Mannheim Biochemica) at the dilution of 1 :750 for 30 min at 37°C. 
Colorimetric detection with nitro blue tetrazolium and 5-bromo-4- 
chJoro-3-indolyl phosphate (Boehringer-Mannheim Biochemica) was 
then performed, and the sections were mounted in 60% glycerol and 
examined by light microscopy. The negative controls included: (7) 
hybridization with the sense probe, (2) RNase (100 fig/ml in 10 mM 
Tris HQ, pH 8.0, 1 mM emylenedianunetetraacetate) pretreatment 
before hybridization, and (J) omission of either the antisense RNA 
probe or the anti-digoxigenin antibody. 

Western Blot Analysis 

For Western blot analysis, kidneys from NZB/W 2- and 10- month- 
old mice were homogenized in lysis buffer containing 0.1 M Tris pH 
6.8, 4% sodium dodecyl sulfate (SDS), 10% 0 -mercaptoethanol, and 
1 mM Pefabloc (Boehringer-Mannheim Biochemica). The samples 
were incubated for 20 min at room temperature with 0.5 mg/ml DNase 
I (Boehringer-Mannheim Biochemica) and 10 mM MgC12, and then 
centrifuged at 15,000 rpm for 2 h. After determination of protein 
concentration in the supernatant by the Coomassie method (Bio-Rad 
Protein Assay, Bio-Rad, Hercules, CA), samples (50 /j.g/lane) were 
electrophoresed on 15% SDS-polyacrylamide gels in reducing condi- 
tions. Proteins were then transferred to a nitrocellulose filter for 2 h at 
100 V. To block nonspecific binding sites, the membrane was incu- 
bated in PBS + 5% low-fat dry milk for I h at room temperature, and 
then for 20 h at room temperature with purified monoclonal antibod- 
ies: hamster anti-mouse MCP-1 2H5 (0.5 /xg/ml) (32) or rat anti- 
mouse MCP-1 ECE.2 (0.8 Mg/ml), prepared as described below. 
After incubation with peroxidase conjugated rabbit anti-hamster IgG 
(Jackson Immuno Research Laboratories Inc., West Grove, PA) for 



2H5 and peroxidase conjugated sheep anti-rat IgG (Amersham Life 
Science. Amersham, UK) for ECE.2 for 1 h at room temperature, the 
reactivity was detected with ECL detection reagent (Amersham Life 
Science). Molecular weights of the immunoreactive bands were esti- 
mated by running aside a mixture of molecular standards (GIBCO, 
Grand Island, NY). Recombinant mouse MCP-I was used as refer- 
ence (32). To confirm the specificity of the reaction, in one experi- 
ment one of two identical membranes was incubated with ECE.2 and 
the other one with ECE.2 in the presence of the MCP-1 peptide it 
recognizes. 

Monoclonal Antibody Generation 

Male Lewis rats (Charles River Italia, Calco, Italy) were immu- 
nized with a synthetic peptide— prepared as previously described 
(33>— spanning residues 102-130 of mouse MCP-1 (32) conjugated 
with keyhole limpet hemocyanin (Sigma Chemical, St Louis, MO). 
Hybridomas were generated as previously reported (34) and screened 
for MCP-1 reactivity with eiizyine-linked immunosorbent assay. 
Monoclonal antibody ECE.2 (IgGl class) was specific for mouse, but 
not human, recombinant MCP-1 and was purified from serum-free 
supernatants by ammonium sulfate precipitation and size-exclusion 
chromatography (35). 

Analytical 

Urinary protein concentration was determined by the Coomassie 
blue G dye-binding assay with bovine serum albumin as standard (36). 
Renal function was assessed as BUN on serum samples using an 
enzymatic UV Rate by Sincron CX-5 (Beckman. FuUerton, CA). 
BUN levels exceeding 30 mg/dJ were considered abnormal (normal 
range in our laboratory: 14-29 mg/dl). BUN data were expressed as 
mean ± SE. 

Results 

Ufe Survival in NZB/W Mice 

Up to 6 months of age, all NZB/W mice were alive. At 8 and 
10 months of age, the percentage of survival was 67% and 
42%, respectively. 

Time Course of Proteinuria and Renal Function in 
NZB/W Mice 

Cumulative frequency of proteinuria >3 mg/day in NZB/W 
mice at different stages of the disease is shown in Table 1 . At 
2 months of age, none of the animals was proteinuric. There- 
after, cumulative percentage of proteinuric mice progressively 
increased over time, reaching 92% at 10 months of age. 

Renal function — as evaluated by serum BUN measure* 
ments— was normal up to 6 months of age (2 months, 24.4 ± 
2.1; 6 months, 21.9 ± 1.3 mg/dl), but deteriorated at 8 and 10 
months. This was reflected in elevations of BUN values (8 
months, 139.5 ± 45.6; 10 months, 133.7 ± 39.8 mg/dl). 

Renal Morphologic Changes in NZB/W Mice at 
Different Stages of the Disease 

Data of renal morphologic analysis by light microscopy in 
NZB/W mice at different months of age are shown in Table 1 . 
At 2 months, mice did not exhibit changes in the glomeruli, 
interstitium, tubules, and vessels. At 6 months, light micros-' 
copy analysis revealed only mild glomerular changes charac- 
terized by mild endocapillary hypercellularity not associated 
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Table 1. Cumulative frequency of proteinuria (>3 mg/day) and renal histology in NZBAV mice at different staees of the 

disease 6 



Months Cumulative % 

of Age Proteinuric Mice" 

2 0 

6 22 

8 55 

10 92 



Endocapillary 
HyperceUularity 

0 

0.37(0-1) 
1.88(1-2) 
1.72(1-2) 



Extracapillary 
Proliferation 



0 
0 

0.44 (0-1) 
1.00(0-3) 



Glomerular 
Hyaline 
Deposits 

0 
0 

1.33 (0-3) 
2.09 (1-3) 



Glomerular 
Sclerosis 

0 
0 

0.44 (0-1) 
0.91 (0-3) 



Interstitial 
Fibrosis or 
Inflammation 

0 
0 

1.44(0-3) 
1.81 (1-3) 



Tubular 
Damage 

0 

0.11(0-1) 
1.22(0-3) 
1.72 (0-3) 



• Each point reflects the current level of proteinuria in surviving mice, as well as the last measurement in deceased mice Values of 
renal histological parameters are mean scores; ranges are in parenthesis. occeaseo mice, values of 



with obvious damage in the tubules, interstitium, and vessels. 
At 8 and 10 months, glomerular changes were pronounced, 
with endocapillary hypercellularity associated with a focal 
extracapillary proliferation. Immune type of deposits was de- 
tected in the mesangium and on subendothelial aspect of GBM. 
Interstitial inflammation, fibrosis, and tubular damage were 
severe. Global or segmental sclerotic changes were confined to 
<25% of glomeruli. 

By electron microscopy analysis of kidneys from NZB/W 
mice at 2 months of age, the only glomerular lesion consisted 
of focal electron-dense deposits within the GBM or on the 
subepithelial aspect of GBM in some animals. At 6 months, 
glomerular changes included inflammatory cells in the capil- 




Figure I. Time-dependent renal expression of MCP-1 mRNA in 
NZBAV lupus mice from a representative Northern blot (N = 3 
experiments). mRNA (7 jig) obtained from pooled kidneys of NZB/W 
mice at 2 (N = 9), 6 = 9), 8 (Af = 6), and 10 (AT - 5) months of 
age was blotted onto synthetic membranes which were hybridized 
sequentially with a- 32 P-labeled murine JE/MCP-1 (top) and glycer- 
aldehyde-3-phosphate dehydrogenase (GAPDH) (bottom) cDNA 
probes. 



lary lumina, as well as diffuse electron-dense deposits in the 
mesangium and on the subepithelial aspect of GBM. At 8 and 
10 months, lesions worsened, with more inflammatory cells 
accumulating in the glomerular capillaries, and numerous mes- 
angial, subendothelial, intramembranous, and subepithelial 
electron-dense deposits. These findings agree with previously 
published observations in this model (37,38). 

Renal MCP-1 Gene Expression in NZB/W Mice 

The time course of renal MCP-1 gene induction— moni- 
tored by Northern blot analysis— during the evolution of the 
disease in NZB/W lupus mice is given in Figure 1. A single 0.7 
kb MCP-1 mRNA transcript of very low intensity was detected 
in kidneys from 2-month-old NZB/W mice. Message levels 
increased markedly with time. Thus, as revealed by densito- 
metric analysis of the autoradiographic signals, renal MCP-1 
mRNA levels in 6-, 8-, and 10-month-old mice were 2- (P < 
0.05), 10-, and 15- (P < 0.01) fold higher, respectively, than 
those of 2-month-old mice (Figure 2). 




2 6 * io months 

Figure 2. Corresponding densitometry of the autoradiograph reported 
in Figure 1 shows MCP-1 mRNA expression in kidneys from NZB/W 
mice at different stages of the disease. The optica] density of the 
autoradiographic signals was quantified and calculated as the ratio of 
MCP-1 to GAPDH mRNA. The mRNA levels of 6, 8, and 10 months 
were calculated by assuming the optical density of 2 months as unit. 
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Figure 3. Photomicrographs showing MCP-1 mRNA in kidneys from NZBAV mice and a control CD mouse by in situ hybridization 
(digoxigenin d-UTP-labeled murine MCP-1 probe, alkaline phosphatase reporter system). Hybridization signal can be seen in some glomerular 
and tubular epithelial cells in a kidney from a 2-month-old NZBAV mouse (a). The signal is more intense both in glomeruli and tubules in 
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In Situ Hybridization 

In situ hybridization was performed with anti sense JE/ 
MCP-1 RNA probe to localize MCP-1 mRNA expression at 
the cellular level on kidneys of NZB/W lupus mice in different 
stages of the disease. Hybridization signal of mainly perinu- 
clear or cytoplasmic pattern was clearly detectable in the renal 
cortex. In 2-month-old mice, the signal was observed in glo- 
merular cells. When these cells were situated peripherally in 
glomerular tuft, they could be confidently identified as visceral 
and parietal epithelial cells. Some endothelial and mesangial 
cells were also labeled. MCP-1 mRNA was also present in 
some tubular epithelial cells (Figure 3a). The intensity of the 
labeling increased progressively in NZB/W mice at 6, 8, and 10 
months of age, in agreement with the results of the Northern 
blot analysis (Figure 3b-f). The most intense signals were 
found in tubules. At 6 months, increased MCP-1 mRNA stain- 
ing in glomeruli was associated with endocapillary prolifera- 
tive lesions. The staining was present both in resident glomer- 
ular cells and in infiltrating cells. The tubular MCP-1 mRNA 
staining at this time was not yet clearly associated with the 
presence of inflammatory cells in interstitium (Figure 3b). 
Conversely, there were interstitial infiltrates in kidneys of 8- 
and 10-month-old mice, and the inflammatory cells stained 
positive for MCP-1 mRNA. Most of the staining, however, was 
found in the tubules, which were also adjacent to sites of 
accumulation of inflammatory cells (Figure* 3c-f). Signal in 
areas of glomerular sclerosis was weak or absent. No hybrid- 
ization was detected in negative control sections pre treated 
with RNase before incubation with antisense MCP-1 RNA 
probe, or in sections incubated with the corresponding sense 
MCP-1 probe (Figure 3 g). 

Renal MCP-1 Protein Expression in NZB/W Mice 

As shown in Figure 4, Western blot analysis of proteins 
extracted from kidneys of 10-month-old NZB/W mice, per- 
formed with two monoclonal antibodies against mouse MCP-1 
revealed three bands with an apparent molecular mass of 
approximately 30, 18, and 14 kd corresponding to heavily and 
partially glycosylated forms of MCP-1 (32,39). By contrast, in 
the kidney extract of 2-month-old NZB/W mice, only a faint 
band of 14 kd was detected, and no higher molecular weight 
bands were observed, thus confirming our results at the mRNA 
level. The specificity of the reaction was confirmed by the fact 
that no band was observed when Western blotting was per- 
formed on 10-month-old NZB/W kidney extract with ECE.2 in 
the presence of the peptide it recognizes (data not shown). 



Effect of Cyclophosphamide on Renal MCP-1 
Expression in NZB/W Mice 

Two groups of NZB/W mice up to 12 months of age were 
treated with cyclophosphamide or vehicle. An additional group 
of 1 2-month-old CD1(ICR)BR normal mice was used as con- 
trol. At the end of the observation period, all cyclophospha- 
mide-treated mice were alive, and none of them had proteinuria 
of >3 mg/day. Only mild glomerular changes were observed 
by light microscopy analysis (mean scores, endocapillary hy- 
percellularity: 0.6; extracapillary hypercellularity: 0; hyaline 
deposits: 0.3; tubulo-interstitial damage: 0; glomerular sclero- 
sis: 0). By contrast, in the vehicle-treated group, only 20% of 
mice survived, and the cumulative percentage of proteinuric 
mice was 93%. Glomerular and tubulo-interstitial changes 
were severe (mean scores, endocapillary and extracapillary 
proliferation: 1.3; hyaline deposits: 2; glomerular sclerosis: 
1.7; tubulo-interstitial damage: 1.7). Northern blot analysis 
showed that cyclophosphamide treatment prevented the in- 
crease in renal MCP-1 mRNA that occurred in untreated 
NZB/W lupus mice of the same age (Figures 5 and 6, P < 
0.01). Renal MCP-1 transcript levels of 1 2-month-old control 
mice that did not exhibit any glomerular or tubulo-interstitial 
damage (mean score for all the parameters considered: 0) 
remained lower than levels of untreated 1 2-month-old lupus 
mice (P < 0.01), thus excluding that upregulation of MCP-1 in 
NZB/W lupus mice was a consequence of aging. In accordance 
with Northern blot experiments, in situ hybridization showed 
that in kidneys of cyclophosphamide-treated mice (Figure 3j), 
the intensity of MCP-1 mRNA staining was dramatically de- 
creased compared with that of untreated mice of the same age 
(Figure 3i) and similar to that observed in 2-month-old NZB/W 
mice (Figure 3a) that had not yet developed the disease. In 
kidneys of 1 2-month-old normal mice, the signal for MCP-1 
was comparable to that observed in 2-month-old NZB/W mice 
(Figure 3h). 

Discussion 

The first finding of the study presented here is that MCP-1 
mRNA is upregulated in the kidneys of mice with lupus ne- 
phritis. Specifically, using Northern blot analysis, we have 
demonstrated that renal MCP-1 message levels increased pro- 
gressively with the development of the disease in NZB/W 
lupus mice, being 10- and 15- fold higher at 8 and 10 months 
than at 2 months of age, when mice showed no sign of renal 
disease. Overexpression of MCP-1 in renal tissue paralleled 
mononuclear cell accumulation, as indicated by the morpho- 
logic analysis performed at different time points during the 
development of the renal disease. 



kidneys from 6-month-old (b) and 8-month-old (c) NZB/W mice. At 8 months, inflammatory cells positive for MCP-1 mRNA are observed 
in an area showing abundant MCP-1 mRNA in tubules (d). Kidney at 10 months (*,/). Most tubules and a crescent are strongly stained (e) 
MCP-1 mRNA staining is also present in the cells of a perivascular infiltrate (/). Negative control using MCP-1 sense probe (g). CD1 (ICR) 
BR normal 1 2-month-old mouse (A). A glomerulus and some tubular epithelial cells reveal very small amount of staining. A strong MCP-1 
hybndizauon signal is present both in tubules and inflammatory cells in the interstitium in a kidney of a 12-month-oId NZB/W mouse (0 Renal 
MCP-1 mRNA expression is dramatically decreased in a 1 2-month-old mouse treated with cyclophosphamide (J). (Magnification X200) 
Reproducuon of this figure in color was made possible by a grant from Angelini Ricerche S. P. A. f S. Polombre, Rome, Italy 
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Figure 4. Western blot analysis of renal expression of MCP-1 protein 
in NZB/W lupus mice (representative of N = 2 experiments). Proteins 
extracted from kidneys of 2- and 10-month -old NZB/W mice (/V = 3 
mice for each group) were applied to 15% sodium dodecyl sulfate 
(SDS)-polyacrylamide gel in reducing conditions and then transferred 
to nitrocellulose membrane. The membranes were subsequently 
probed for antigenic MCP-1 with hamster anti-mouse MCP-1 moAb 
2H5 (32) or rat anti-mouse MCP-1 moAb ECE.2 (see Methods) as the 
primary antibody, followed by peroxidase conjugated secondary an- 
tibodies. The blots were developed using an ECL system. Relative 
positions of molecular weight markers (kd) are indicated. Mouse 
recombinant MCP-1 was used as reference. 
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Figure 5. Renal MCP-1 mRNA expression in 12-month-old NZB/W 
lupus mice given vehicle or cyclophosphamide (CyP) and in 12- 
month-old CD1 (ICR) BR normal mice (representative Northern blot 
of N = 3 experiments). mRNA (7 /tg) obtained from kidneys of 
12-month-old NZB/W mice given vehicle {N = 3) or cyclophospha- 
mide (N = 6) and from 12-month-old CD1 OCR) BR normal mice 
was blotted onto synthetic membranes, which were hybrid- 
ized sequentially with a- 32 P-labeled murine JE/MCP-1 (top) and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (bottom) 
cDNA probes. 



Infiltrates of mononuclear cells within the glomeruli in lu- 
pus, as in many other glomerulonephritis conditions, precede 
the development of glomerular structural lesipns and are very 
likely to contribute to tubulo-interstitial damage (40,41). Old 
studies established the fundamental role of mononuclear cells 
in initiating and monitoring renal injury in immune complex 
disease. Thus, the evidence is available to show that macro- 
phage depletion abrogated proteinuria and effectively pre- 
vented subsequent injury in experimental glomerulonephritis 
(42). More recently, the myriad of macrophage proinflamma- 
tory functions are being elucidated, and the various molecules 
responsible for the different effects are now at least partially 
identified (43,44). Among these are cytokines synthesized and 
released by macrophages infiltrating the glomerulus, either in 
human or experimental immune-mediated glomerulonephritis 
(43,44), platelet-activating factor, and reactive oxygen species 
(45). Other data tend to suggest that infiltrating macrophages 
are involved in renal disease progression to the extent that they 
participate in glomerular crescent formation and appear di- 
rectly responsible for glomerular fibrin deposition by virtue of 
their surface-related property of expressing procoagulant ac- 
tivity (46,47). Despite so many studies on the role of mono- 
cytes/macrophages in glomerulonephritis, data on signaling 



events to drive them into the glomerulus are very few. Ad- 
vances in basic mechanisms governing macrophage chemo- 
taxis and on the different proteins involved have provided an 
opportunity to unravel the issue. In this context, we have 
concentrated on MCP-I, a member of the /3chemokine (C-C 
chernokine) subfamily (7,48), which corresponds to the prod- 
uct of the early response gene, JE, of the mouse (19). MCP-1 
is a chemotactic factor (8-11) that, in addition, induces the 
respiratory burst in human monocytes (49); activates mono- 
cytes to synthesize cytokines, including interleukin-1 and in- 
terleukin-6 (50); and upregulates adhesion molecule expression 
on monocytes (50), which results in increased adhesion of 
monocytes to endothelial cells (51). All of these properties 
make MCP-1 a potent pro-inflammatory molecule. Experimen- 
tal data are available showing that MCP-1 can be regarded as 
a good candidate in the sequence of signaling events leading to 
kidney infiltration by inflammatory cells. In rat anti-Thy 1.1 
glomerulonephritis, expression of glomerular MCP-1 increased 
markedly in the early phase of mesangial immune complex 
formation 30 min after disease induction, when infiltration of 
monocytes/macrophages started to occur (22). MCP-1 message 
levels were reduced during the subsequent phase of mesangi- 
olysis (at 24 h) and increased again during proliferative glo- 
merulonephritis (at 5 and 21 days). Decomplementation of rats 
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Figure 6. Corresponding densitometry of the autoradiograph reported 
in Figure 5 shows MCP-1 mRNA expression in kidneys from 12- 
montb-old CD1 (ICR) BR norma] mice and 12-month-old NZB/W 
mice given vehicle or cyclophosphamide (CyP). The optical density of 
the autoradiographic signals was quantitated and calculated as the 
ratio of MCP-1 to GAPDH mRNA. The mRNA levels of NZB/W 
mice were calculated by assuming the optical density of control mice 
as unit 



prevented MCP-1 induction and glomerular influx of mono- 
cytes/macrophages. Other studies showed that in rats with 
anti-GBM glomerulonephritis, glomerular MCP-1 mRNA in- 
creased in association with the monocyte influx and correlated 
with expression of immunoreactive MCP-1 in the nephritic 
glomeruli (23). 

To study the distribution of MCP-1 mRNA in the kidney, we 
performed in situ hybridization experiments on renal tissue 
from NZB/W lupus mice of different ages. MCP-1 mRNA was 
detected in the glomerular epithelial, endothelial, and mesan- 
gial cells, as well as in tubules and interstitium. The intensity 
of the signal increased progressively with the evolution of the 
disease, in accordance with the Northern blot analysis results. 
Western blot experiments revealed an increased expression of 
MCP-1 protein in the renal tissue of 10- month-old as compared 
with 2-month-old NZB/W mice, which was consistent with 
MCP-1 mRNA data. Our in vivo findings agree with in vitro 
studies showing the capability of both glomerular and tubular 
epithelial cells in culture to express and produce MCP-1 in 
response to cytokines and other inflammatory mediators (16- 
18), a phenomenon that, at least in glomerular mesangial and 
endothelial cells, is mediated by the activation of NF-kB and 
AP-1 transcription factors (52,53). In mice with lupus nephri- 
tis, gene expression of interleukin-1 and tumor necrosis factor 
a is increased in the renal cortex (54), which might imply that 
cytokines act as regulatory molecules for the observed MCP-1 
overexpression. Mesangial cells are also induced by IgG and 
immune complexes to release MCP- 1 upon engagement of Fc 
receptors (20,21). In the study presented here, increased 
MCP- 1 mRNA was detected in glomeruli at months, a time 
of early accumulation of mononuclear cells in capillary lumina. 
Additionally, consistent with previous studies (37,38), we de- 
tected diffuse electron-dense deposits by electron microscopy 



in the mesangium at this time. These findings together may 
suggest that immune complexes, particularly those deposited in 
the mesangium, act to trigger MCP-1 -mediated pathways of 
glomerular mononuclear cell accumulation in NZB/W mice, 
similar to other experimental diseases like anti*Thy 1 . 1 (22) 
and anti-GBM glomerulonephritis (23,24) in rats. 

Our finding of a remarkable increase of MCP-1 mRNA in 
tubular cells of NZB/W lupus mice of 8 and 10 months of age 
might explain, at least in part, the accumulation of mononu- 
clear cells observed in renal interstitium. Recent experiments 
by Harris et al (55) have shown an upregulation of MCP-1 
mRNA expression in proximal tubular cells in culture exposed 
to albumin and transferrin-iron at concentrations similar to 
those found in proteinuric urine. It is tempting to speculate that 
in lupus nephritis, tubular overexpression of MCP-1 might be 
the consequence of the excessive tubular reabsorption of pro- 
teins ultimately leading to interstitial inflammation. 

Patients with lupus nephritis studied in the active phase of 
the disease had higher levels of urinary MCP-1 than in the 
inactive phase (26). Administration of high-dose steroids to 
patients with active disease significantly reduced urinary 
MCP- 1 . In harmony with the above human findings are addi- 
tional data from the study presented here, indicating that cy- 
clophosphamide given to NZB/W mice up to 12 months of age 
effectively limited proteinuria and renal damage and prevented 
upregulation of renal MCP-1 gene as assessed by Northern blot 
and in situ hybridization experiments. 

When interpreting data on the effect of steroids and cyclo- 
phosphamide on renal MCP-1 upregulation in lupus nephritis, 
the possibility that these drugs inhibit B cell activation and 
antibody synthesis should not be overlooked. This will prevent 
immune complex formation, regardless of the contributing role 
of MCP-1. 

In summary, our results show a progressive, time-dependent 
upregulation of renal MCP-1 gene during the course of nephri- 
tis in NZB/W lupus mice that closely parallels the time course 
of mononuclear cell infiltration in the kidney. These data can 
be taken to suggest that MCP-1 acts as a major signaling 
molecule for mononuclear cell recruitment at the glomerular 
and tubulo-interstitial level, at least in murine models of SLE. 
In the past few years, attempts to block cytokine activity have 
been made by neutralizing antibodies, receptor antagonists, or 
soluble receptors (56). Molecules that effectively antagonize 
the biological activity of MCP-1— if available in the near 
future — may possibly find an important role in the therapy of 
lupus nephritis. 
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ABSTRACT 

Because hyperiipldemla and macrophage influx ap- 
pear to play a key role in the genesis of renal glomer- 
ulosclerosis, this study examined the temporal rela- 
tionship between hyperiipldemla (triglycerides and 
cholesterol), mononuclear cell Influx, changes In glo- 
merular structure, and expansion of the extracellular 
matrices In obese Zucker rats, which rapidly develop 
hyperiipldemla and spontaneous glomerulosclerosis. 
Lean and obese Zucker rats were fed a standard<Jiet, 
and were euthanized at 14 days, 1, 3, 6, 9, and 12 
months. Plasma lipid, Insulin, and creatinine levels 
were measured, and the presence of inflammatory 
cells In the glomerulus was assessed by immunphto- 
tochemlstry on kidney sections. Plasma lipids and 
Insulin and macrophage density were significantly 
greater In obese than In lean rats as early as 1 month. 
Computer-assisted Image analysis was used to Eval- 
uate the glomerular domain surface areas. The mor- 
phometry measurements showed that glomeruli of 
obese rats rapidly became hypertrophled after 3 
months, as a result of a very large Increase In the 
mesanglal domain. The expression of genes for extra- 
cellular matrix components and Inhibitors of extracel- 
lular matrix proteinases (T1MP-1 and. HMP-2)Vwas 
monitored in mlcrodissected glomeruP Reverse trarv 
scription-polymerase chain reaction ; showed In- 
creases In mRNA for Type IV collagen and fibronectin 
and for the two metalloprotelnase Inhibitors, each of 
which might participate In this matrix expansion. Thus, 
the development of hyperiipldemla plus macro- 
phage Influx at a very early age may Inmate a 
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sequence of events leading to glomerulosclerosis 
later on. 

Key Words: Inflammation, hyperiipldemla, extracellular ma- 
trix, morphometry, RT-PCR 

Diffuse glomerulosclerosis and focal and segmen- 
tal glomerular hyallnosis (FSGH) ( 1 ) (often called 
focal and segmental glomerulosclerosis [2]) occur In 
diverse circumstances Including aging; hypertension; 
metabolic disorders such as diabetes, obesity or hy- 
periipldemla; partial nephrectomy; and Intoxication 
by puromycln amlnonucleoside (reviewed in Refer- 
ences 1 and 2). Among the different factors Implicated 
in the pathogenesis of these lesions, the accumulation 
of circulating monocytes /macrophages within the glo- 
merular tuft has been described In almost all circum- 
stances of FSGH (3), suggesting that several mecha- 
nisms Involved in glomerulosclerosis are analogous to 
those observed In atherosclerosis (4). In this respect, 
disturbances of lipoprotein metabolism may acceler- 
ate the onset of glomerulosclerosis (5). 

The obese Zucker rat is a model of spontaneous 
glomerulosclerosis (6-8). Obesity, an autosomal re- 
cessive trait accompanied by hyperiipldemla, develops 
at an early age (8. reviewed in Reference 9). Obese rats 
also suffer from mild glucose Intolerance and periph- 
eral Insulin resistance similar to that found in hu- 
mans with Type n diabetes (10). These metabolic 
abnormalities precede the development of proteinuria 
and glomerular Injury in obese rats (8,11). Lean litter- 
mates have normal serum lipids (11,12) and normal 
renal structure and function (6). The glomerular he- 
modynamic function of obese rats and their lean 
littermates is not significantly different and is proba- 
bly not Involved in the pathogenesis of glomeruloscle- 
rosis in this strain (13). 

Several studies have been published on the putative 
mechanisms involved in the pathogenesis of diffuse 
glomerulosclerosis and FSGH in Zucker rats, but little 
attention has been paid to the early events occurring 
in the glomeruli of weaning animals when metabolic 
disorders begin to worsen. The importance of a mono- 
cyte/macrophage Influx during and after the weaning 
period is not known, although hypertriglyceridemia, 
hypercholesterolemia, and hyperlnsullnemla develop 
markedly. We have, therefore, attempted to examine 
the contribution of inflammation to the Initiation and 
development of diffuse glomerulosclerosis and FSGH 
lesions in obese rats, by analyzing the temporal rela- 
tionship between hyperiipldemla and hyperinsulin- 
emia, the mononuclear cell Influx, changes in glomer- 
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ular structure, and the expansion of the glomerular 
tuft. Little is known about the composition of the 
expanded matrices observed In the sclerosed glomer- 
uli of Zucker rats, or about the change In the balance 
between the synthesis and degradation of extracellu- 
lar matrix components (ECM) that occurs with age. 
Accordingly, to consider only the matrix expansion 
within the glomerulus, we used mlcrodlssected glo- 
meruli from lean and obese rat kidneys to follow the 
kinetics of messenger RNA expression of some major 
ECM components (Types I, m, and IV collagens, and 
flbronectln) and of the specific proteinase inhibitors 
TIMP-1 and TIMP-2. 

METHODS i 
Animals . '!*' 

Male lean (Fa /fa) and obese (fa /fa) Zucker rats were iden- 
tified and selected at 4 wk of age by visual examination of 
Inguinal fat deposit. They were raised under standard hus- 
bandry conditions, fed regular laboratory chow ad libitum 
(ACM; Vlllemolsson. Eplnay sur Orge, France) and had free 
access to water until euthanlzatlon at 5 wk ( 1 month). 3. 6. 9, 
and 1 2 months of age. A second group of 1 4-day-old suckling 
Zucker pups (Fa /fa and fa /fa) were euthanized, and the 
obese genotype was determined by plotting in guinal fat pad 
weight against body weight ( 1 4). 

Animal care complied with the Principles of Laboratory 
Animal Care formulated by the National Society for Medical 
Research and the Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health Publication 86-23, 
revised 1989; authorization 00577, 1989, Paris. France). 

■ 

Blood Pressure, Serum Creatinine, Insulin, 
Uplds, and Urine Proteins 

Conscious systemic blood pressure (BP) was measured by 
a tall-cuff system (Ugo Baslle Apelex, Varese. Italia). Blood 
was collected from animals at the time of euthanlzatlon into 
tubes containing heparin as anticoagulant for serum lipid 
and creatinine assays. These samples were centrifuge^ and 
allquots of plasma were frozen and stored at -20 a C. Twenty- 
four-hour urine samples were collected from fasting animnia 
housed Individually In metabolic cages with free access to 
water. Triglycerides and total cholesterol were determined by 
the enzymatic and colorimetric GPO-PAP and CHOD-PAP 
methods respectively (Boerhinger, Mannheim, Germany). Se- 
rum and urine creatinine concentrations wve measured on 
a Synchron CX7 Beckman analyser (Beckman, Fullerton, 
CA). Proteinuria was determined enzyrnatlcalry using the 
Coomassle Protein Assay Reagent with BSA as standard 
(Pierce, Rockford, IL). Serum Insulin levels were measured by 
RIA (CIS, Glf sur Yvette, France) with a rat Insulin standard 
(Novo, Copenhagen. Denmark). 

Kidney Structure 

Lean and obese rats aged 1, 3, 6. 9. and 12 months, were 
anesthetized with pentobarbital (lp, 0.1 mL/lOO g body wt) 
and the kidneys were removed and weighed. For light micros- 
copy, transverse sections at the hllus were directly frozen in 
liquid nitrogen, others were fixed In alcoholic Bouln's solu- 
tion, embedded in paraffin, sectioned (4-ftm thick), and 
stained with Masson's trlchrome or silver methenamlne. 
according to routine histological staining. For electron mi- 
croscopy, small samples of the kidney cortex were fixed in 2% 



gIutaraldehyde/0.2 M cacodyiate buffer, dehydrated in ace- 
tone, and embedded In Gluddether 100 (Merck. Darmstadt, 
Germany). 

Masson*s trlchrome stained sections of at least 100 glo- 
meruli were evaluated for the presence of FSGH lesions. The 
percentage of glomeruli having FSGH lesions was determined 
for each tissue specimen, and a severity index was calculated 
for each glomerulus by using the equation: 

(SI X 1/4) + (S2 X 1/2) + (S3 X 3/4) + (S4 X 1) 
total number of glomeruli 

where S Is the number of glomeruli with FSGH Involving 1 /4, 
1/2. 3/4. and 4/4 of the glomerulus. 

Morphometric Measurements 

The thickness of the glomerular basement membrane 
(GBM) was evaluated from electron micrographs enlarged to 
a magnification of 42,000. Only capillaries in which the 
plasma membrane of the foot processes was dearly visible 
along the basement membrane were considered to guarantee 
that the section was perpendicular to the GBM. The width of 
the lamina densa was measured with a ruler oriented at a 
right angle to the GBM. in areas not directly contiguous to 
the mesanglal matrix. At least three glomeruli were examined 
from each rat, with a mtnimni^ of five capillary sections 
surveyed In each glomerulus. The exact magnification of the 
Image was calculated using diffraction grating replica stan- 
dard (Polaron Equipment. Watford. U.K). 

Morphometric determination of the different glomerular 
domains and parameters was done using an automated 
Image-analyzing system on transverse kidney sections pro- 
cessed with sliver methenamlne staining, which reveals the 
extracellular matrices. The image-analyzing system was 
composed of a light microscope (Nachet; Mlcrovlsion. Evry. 
France), a black-and-white video camera (Cohu. San Diego, 
CA). an Image-analysis processor (NS- 15000, Nachet). and a 
microcomputer to store the data and pilot the processor 
using a personal program written In C language. The image- 
analysis processor, based on the principles of mathematical 
morphology, digitizes microscopic Images Into 512 x 512 
pixel images within 256 gray levels. The Higm«*srt images were 
submitted to predefined transformation allowing automatic 
measurements of selected glomerular morphometric param- 
eters (15). The glomeruli were measured with a X25 objec- 
tive, yielding a final calibration of 0.4219 $an/ pixel. Any 
variability In the staining Intensity of the sections could be 
corrected by calibrating the image according to the defined 
gray levels. The glomerular parameters measured were: (1) 
total glomerular surface area delimited by the internal edge 
of the Bowman's capsule; (2) urinary space surface area; (3) 
cumulative surface area of the capillary lumen sections; (4) 
glomerular tuft surface area, defined by the total glomerular 
measurement minus the urinary space; (5) mesanglal sur- 
face area, defined by the glomerular tuft measurement mi- 
nus areas of the capillary lumens and the glomerular capil- 
lary free walls (see Figure 1). Although the individual 
capillary lumen section surface area was not obtained by the 
program used In the automated Image analysis, the mean 
capillary section surface area was estimated by dividing the 
cumulative surface area of the capillary lumen by the num- 
ber of capillary sections. The total number of glomeruli 
necessary to yield convergent data was established at 30 
glomeruli per rat (15). The observer, unaware of the code of 
the sections, measured 30 glomeruli randomly over the 
depth of the cortex on each kidney section. Glomeruli show- 
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Figure 1 . Digitized Images of the glomerulus 6f a 1 2-month-old lean rat (A, B) and an obese rat (C. D). A and C, Images of the 
glomerulus within 256 gray levels. B and D, mesanglal domain selected from the preceding Image. This mesanglal domain was 
more expanded In obese than In lean rat glomeruli (Original magnification, x350). 



lng clear glomerular tuft retraction or extensive FSGH were 
not measured because. In these cases, differences between 
matrices, remnant capillary lumen sections, and urinary 
spaces were Indistinguishable. 

Immunohlstochemlcal Studies 1 

The differentiation and activation of lntraglomerular 
mononuclear cells was assessed by Incubating frozen sec- 
tions from rats aged 14 days, 1. 3, 6, or 9 months for 60 mln 
at room temperature (RT) with a panel of mouse monoclonal 
antibodies diluted in Trts-buffered saline pH 7.4, containing 
0.1% BSA (Sigma Chemical. St Louis. MO): (i) ED,, diluted 
1:1000 (Serotec, Oxford. UK), specific for a monocyte /mac- 
rophage cytoplasmic antigen (16); (2) ED 3 . diluted 1:1000 
(Serotec, Oxford, UK), considered to be a marker of tissue- 
resident macrophages (16); (3) OXe. diluted 1:50 (Sera-Lab; 
Crawley Down, Sussex. UK), which detects the MHC Class II 
la antigen; and (4) W3/25 diluted 1:50 (Serotec. Oxford. UK), 
which reacts with a CD4 epitope and binds to T lymphocyte 
helper cells and to a monocyte /macrophage subpopulatlon 
( 1 7. 18). FSGH lesions were particularly well developed In the 
glomeruli of the 1 2-month-old obese rats, making the esti- 
mation of mononuclear cell densities difficult and Imprecise. 
This age group was therefore not included in the Immuno- 
hlstochemlcal study. The sections were washed In Trts- 
buffered saline and Incubated with rabbit anti-mouse Immu- 
noglobulin antibody (Dako Corporation. Carptnterla, CA) and 
alkallne-anti-phosphatase alkaline complexes (diluted 1:75) 
(Dako). The enzyme was revealed with freshly prepared Fast 
Red Substrate System (Dako) containing 0:33 mg/mL le- 
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vamlsole (Sigma) to reduce the staining background. Sec- 
tions were counters tained with hematoxylin. The number of 
positive cells in each glomerulus was counted, with a mini- 
mum of 50 glomeruli surveyed per kidney section. 

The presence of matrix protein was assessed by incubating 
frozen sections from rats aged 1 , 3. 6, or 9 months for 60 mln 
at RT with antibodies (Instltut Pasteur Lyon. France) diluted 
in Tris/0. 1 % BSA buffer (pH 7.2), such as: (J ) an IgG fraction 
of polyclonal rabbit anti-mouse Type IV collagen (1:20); (2) 
anti-rat Type III collagen rabbit immune serum (1:5); and (3) 
anti-rat Type I collagen rabbit Immune serum (1:5). The 
sections were then Incubated with a fluoresce ln-conjugated 
anti-rabbit swine antibody (Dako). 

Preparation of Isolated Mlcrodissected 
Glomeruli 

The expression of genes for ECM components and inhibi- 
tors of ECM proteinases was monitored In glomeruli micro- 
dissected from a second series of lean and obese rats (1.3. 6, 
9, and 14 months old), after modifications of the technique 
described by Peten et aL (19). Rats were anesthetized with 
pentobarbital and the left kidney was perfused at 4 e C, first 
with solution I (135 mM NaCl, 1 mM Na 3 HP0 4 , 1.2 mM 
NaaSO*. 1.2 mM MgS0 4 . 5 mM KC1. 2 mM CaCl 3 , 5.5 mM 
glucose, and 5 mM iV-hyroxyethylplperazine-N'-2-ethanesul- 
fonlc acid, pH 7.4) and then with 3 mL of the solution I 
containing 1 mg/mL Type I collagenase (300 U/mg) (Sigma) 
and 1 mg/mL BSA (Sigma). Small, superficial fragments of 
the kidney cortex were rapidly excised and transferred to a 
microdlssectlng dish, placed on ice, containing solution I 
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supplemented with 1.2 U//iL RNaein, a RNase Inhibitor 
(Promega. Madison. WI) and 1 mM dlthlothreltol (Sigma). 
Glomeruli were separated from tubules and from afferent 
and efferent arterioles and removed from their Bowman's 
capsules under a binocular microscope. A total of 20 glomer- 
uli were taken from each rat and placed In acid guanldlum 
thlocyanate solution for RNA extraction by the phenol /chlo- 
roform method. 



Reverse Transcription and Polymerase Chatn 
Reaction Analysis 

The mRNA were extracted from glomeruli from three rats in 
each group and pooled to ensure sufficient material for the 
subsequent polymerase chain reaction (PCR) analysis. They 
were reverse transcribed into cDNA with ollgoCdT) and MMLV 
reverse transcriptase (Glbco-BRL. Galthersburg, MD). The 
reverse transcription products were amplified with primers 
for mouse fibronecun (upper primer: 5'-TTA TGA CGA TGG 
GAA GAC CTA-3'; lower primer 5'-GTG GGG CTG GAA AGA 
TTA CTC-3': product length. 295 base pairs Ibp]), for mouse 
al (IV) collagen (upper primer: 5'-TCG GCT: ATT CCT TCG 
TGA TG-3': lower primer: 5'-TCT CGC TTC .TCT CTA .TGG 
TG-3'; product length, 185 bp), for mouse al (III) collagen 
(upper primer: 5'-TGC CCACAG CCT TCT ACA CCT-3 ' ; lower 
primer: 5'-CAG CCA TTC CTC CCA CTC.CAG-3'; product 
length. 244 bp), for mouse a2 (I) collagen (upper primer: 
5'-TGT TCG TGG TTC TCA GGG TAG-3'; . lower primer: 
5'-TTG TCG TAG CAG GGT TCT TTC-3'; product length. 254 
bp), for mouse T1MP-1 (upper primer: 5'-CCC CAG AAA TCA 
ACG AGA CCA-3': lower primer: 5'-ACA CCC CAC AGC CAG 
CAC TAT-3'; product length. 303 bp), for mouse TIMP-2 
(upper primer: 5 -GCA GAA GGA GAT GGC AAG ATG-3'; 
lower primer: 5'-CGG GGA GGA GAT GTA GCA AGG-3'; 
product length. 162 bp) and for GAPDH (upper primer: 
5'-GTG AAG GTC GGA GTC AAC G-3'; lower primer: 5'-GGT 
GAA GAC GCC AGT GGA CTC-3'; product length. 299 bp). All 
PCR were carried out in 25 pi, of a mixture containing 10 mM 
dNTP. 1 X PCR buffer (10 mM Tris-HCl, pH 8.3, 50 mM KC1. 
40% dimethyl sulfoxide, 0.001% gelatin, MgCl 3 |1 mM for 
Type IV collagen, TIMP-1. TIMP-2. and GAPDH primers; 1.5 
mM for flbronectln primers and Type I collagen primers} '0.75 
mM for Type in collagen primers] and 2.5 U ampUtaq poly- 
merase [Perkln-Elmer Cetus, Norwalk, CT]). Each sample 
was incubated in a DNA thermal cycler (Perkln-Elmer Cetus) 
at 55 to 58°C for 25 to 30 cycles, depending on the primer. 
The PCR fragments were analyzed by electrophoresis on 2% 
agarose gels and visualized by ethldlum bromide staining. 
Polaroid photographs of ethldlum bromide-stained gels were 
digitized Into 512X512 pixel gray-scale Images. The amount 
of nucleic acid was determined by densltometrlc analysis of 
the dots. The Intensities of the cDNA bands for each protein 
were normalized to the GAPDH band intensities. All experi- 
ments were performed in duplicate. 

.* * 

Statistical Analysis 

Results arc expressed as means ± SE. Statistical analysis 
was carried out using two-way analysis of variance with age 
and genotype as factors. Statistical significance was achieved 
if P < 0.05. In cases of Interaction between the factors, 
one-factor analysis of variance was used at one level of the 
other factor. Data were analyzed using Statvlew 4.0 software 
(Abacus Concept Inc.. Berkeley. CA). 



RESULTS 

Both lean and obese Zucker rats increased In weight 
with age, almost two times faster between 1 and 3 
months than In the following period (Table 1). The 
obese rats were significantly heavier than age- 
matched lean llttermates at and after 3 months of age, 
with body weights 40 to 50% greater. The cumulative 
weights of the two kidneys also Increased with age In 
both groups of animals, more rapidly in the obese 
than in lean rats, the difference being significant at 9 
and 12 months. However, the growth of the kidney 
with respect to the body weight remained roughly 
similar in the two groups of animals (Table 1). Mean 
systolic tall-cuff blood pressure Increased slightly and 
similarly in both lean and obese groups between 3 and 
12 months (Table 1). 

Serum levels of cholesterol and triglycerides were 
higher In obese than in lean Zucker rats as early as 1 
month (Table 1). Cholesterol levels increased twofold 
In obese rats between 1 and 12 months and triglycer- 
ide levels Increased sevenfold. Plasma insulin levels, 
higher in the obese than in the lean group on and after 
1 month, plateaued at 3 to 6 months and declined 
thereafter. No differences existed between the two 
groups by 12 months (Table 1). Serum creatinine 
concentration Increased with age in the same manner 
in both groups of animals up to 9 months, but rose 
dramatically thereafter in obese rats (Table 1). 

The creatinine clearance rate decreased with age In 
the obese group, dropping from 2.0 ± 0.8 mL/mln at 
3 months to 0.5 ±0.1 mL/mln at 12 months, but 
remained close to 1.3 mL/mln in lean rats of any age 
(1.2 ± 0.3 mL/mln at 3 months and 1.4 ±0.1 mL/mln 
at 12 months). Proteinuria developed markedly in 
obese rats between 3 and 9 months of age and stabi- 
lized thereafter. At 9 and 12 months, proteinuria was 
nearly 20 times greater In the obese rats than in the 
lean llttermates (302.8 ± 50.7 and 16.5 ±11.8 mg/24 
h, respectively, at 12 months). 

There was no sign of FSGH in lean-rat kidneys until 
12 months. At 12 months, a faint FSGH, with a low 
severity Index of 2, was detectable and affected 2% of 
the glomeruli. On the contrary, the incidence of FSGH 
in obese rats was 2% (severity Index: 2) at 6 months 
and rapidly increased in quantity and severity to affect 
26% of the glomeruli at 9 months with a severity index 
of 15, with no further development of the lesion there- 
after. Histopathologic examination of the kidney 
revealed a moderate tubulopathy In the obese group at 
6 months, which worsened with age, affecting all of 
the obese animals after 9 months with the presence of 
tubular casts and cystic formations. Cystic formations 
were generally close to the most damaged glomeruli of 
the examined kidney section, and were often associ- 
ated with areas of Interstitial fibrosis. 

The automated morphometrlc analysis revealed 
that glomeruli and glomerular tufts Increased In size. 
In both obese and lean rat kidneys. They were larger In 
the obese group than In the lean group at all ages but 
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TABLE 1. Evolution of weights, blood pressure, and blood chemistries with age In obese rats and lean 
lrttermates° 



Parameter 



Age (months) 



12 



Body weight (g) 



Lean 


123.5 




5 


345 




2 


398 




10 


440 ± 1 


471 s: 10* 


Obese 


128 




7 


411 




14 c 


594 




n c 


656 ± 12° 


654 ± 34 bc 


Two-Kidney Weight (g) 
























Lean 


1.18 




0.05. 


2.38 




0.06 


2.79 




0.08 


2.89 ± 0.10 


3.23 ± 0.05 b 


Obese 


1.19 




0.08 


2.57 




0.16 


3.11 




0.13 


4.29 ± 0.26° 


5.12 ± 0.56 b c 


Kidney Weight/ 100 g Body Weight 
























Lean 


0,% 




0.02 


0.69 




0.01 


0.70 




0.01 


0.66 ± 0.01 


0.64 ± 0.01 to 


Obese 


0.93 




0.03 


0.62 




0.03 


0.52 




0.01° 


0.66 ± 0.04 


0.81 ± 0.12* 


Systolic Blood Pressure (mm Hg) 


* 






















Lean 








108 




8 


124 




2 


129 ±2 


131 *2 b 


Obese 








103 




6 


127 




3 


129 ±3 


134 ± 2 b 


Cholesterol (mg/dL) 
























Lean 






3 


126 




9 . 


103 




7 


112 ± 4 


101 ± 6 


Obese 


139 




5 C 


175 




10° 


242 




7 C 


299 ± 31 c 


288 ± 24 b * c 


Triglycerides (mg/dL) 






* 
















71 * 12 b 


Lean 


.29 




6 


33 




10 


10 




4 


48 ± 13 


Obese 


55 




5 C 


191 




19° 


273 




97° 


382 ± 43 c 


415 ± 33^ 


Insulin (/UJ/mL) 
























Lean 


>36 




7 


27 




2 


31 




3 


49 ±4 


44.9 ± 6.4* 


Obese 


77 




7° 


239 




56 c 


230 




21° 


123 * 12.5° 


71 ± 12* 


Creatinine r>M/L) 






















60 ± 5 b 


Lean 


37 




1 


46 




2 


51 




3 


58 ±3 


Obese 


31 




l c 


36 




6 


57 




3 


73 ±26 


176 ± 52** ° 



° N - stx rats per group except In 12-month obese group where N 

b Age effect: P < 0.001. 

c Lean versus obese: P < 0.05. 



five rats. 



12 months (Figure 2A). The whole glomerular surface 
area began to decline in the obese group between 9 
and 12 months. The urinary space surface area re- 
mained constant between 3 and 9 months, and tended 
to decline thereafter (Figure 2A). The cumulative sur- 
face area of the capillary lumen sections and the 
number of cut sections of the capillary lumen are 
shown in Figure 2B. These two parameters indicated 
significant differences with age In the two groups of 
rats. However, the curves had to be divided into two 
parts. The first part, from 1 to 3 nibnths, corre- 
sponded to the growing period of the kidney (Table 1, 
Figure 2A) whereas the second period covered 3 to 12 
months. When only the second period was considered, 
on and after 3 months of age, neither the cumulative 
surface area nor the number of capillary lumen sec- 
tions changed significantly In the obese or lean group 
of animals (age effect between 3-12 months, P = 0.16 
for both groups). With age, the mesahgial domain 
Increased In size in the two groups of animals, with a 
sharp expansion In obese rat kidneys between 6", and 
12 months (Figures 1, 2C). At 12 months, the mesan- 
gial domain was three times larger in Obese than in 
lean animals. Whereas In the 1 2-month-old obese rat 
kidneys, the glomerulus, urinary, and* the capillary 
lumen surface areas tended to decline (Figure 2, A and 



B), the mesanglal domain continued to expand in old 
obese rats (Figure 2C). The Bowman's capsule base- 
ment membrane became thicker with age in both 
groups of animals (lean. 1.9 ± 0.3 um versus 2.4 ± 
0. 1 ; obese, 1.8 ± 0.3 versus 2.9 ± 0. 1 at 3 months and 
12 months, respectively). 

Electron microscopy showed that the GBM regularly 
thickened between 3 months and 12 months by a 
factor of 1.8 in lean rats (0.119 urn ± 0.003 versus 
0.217 ± 0.018. N = three rats) and by a factor of 
2.4 in obese rats (0.123 *un ± 0.003 versus 0.287 
um ± 0.018. N = three rats) (Figure 3). The difference 
between lean and obese rats became statistically sig- 
nificant at 12 months (P < 0.05). 

Macrophage-EDj* cell density Increased 3.5-fold In 
obese rat glomeruli between 15 days and 1 month and 
remained high for the following periods (Figure 4A). In 
lean rats, the density of such ED^posltive cells in- 
creased moderately (twofold) in early life and remained 
stable after 1 month, at a much lower level (almost 
twofold less) than in obese rats. la* cell density (Ox6- 
detected cell) (Figure 4B) increased in lean and obese 
rat glomeruli between 14 days and 1 month. Thereaf- 
ter, this density remained roughly constant In the lean 
group (if the 14 -day data are excluded, the statistical 
analysis did not show any age effect: P = 0.1). On the 
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Hgure 2. Morphometrtc measurements of the glomerular 
domains In lean and obese Zucker rat kidneys. Filled circles, 
obese rats; squares, lean rats. A: The whole glomerulus and 
the glomerular tuft Increased In size with age In both obese 
and lean rats (age effect. P < 0.001 for both parameters), but 
was greater In obese than In lean rats (lean versus obese P< 
0.001). The glomerular size tended to decline* after 9 months. 
The urinary space surface area Increased significantly In 
both groups between 1 and 12 months (age effect: P < 
0.001; lean versus obese P < 0.001), but this age effect was 
concentrated In the l-to-3-months growing period, with no 
change thereafter except a tendency to a decline at 12 
months. B: The cumulative surface area of the capillary 
lumen sections and the number of section profiles per 
glomerulus significantly Increased with age In both groups 
between 1 and 12 months (age effect: P < 0.001) but 



contrary, la* cell density continuously Increased with 
age In the obese rat glomeruli. At 9 months, there were 
significantly more la* cells In obese than In lean rat 
glomeruli. The number of CD4* cells per glomerulus 
(recognized by W3/25: T cells and monocyte /macro- 
phage subpopulatiori) was always low compared with 
the number of other cell types (Figure 4C). Again, at 9 
months, obese rats had statistically more cells per 
glomerulus than did lean animals. There was no ED 3 
antibody labeling in any case. 

The change in mRNA synthesis for extracellular 
matrix proteins is shown in Figure 5. Alphas IV) col- 
lagen (Figure 5B) and flbronectln (Figure 5C), which 
are among the major components of the mesangial 
matrix, were actively synthesized in younger animals. 
Thereafter, the mRNA synthesis in the two groups of 
rats varied. In lean rats, a^IV) collagen and flbronec- 
tln mRNA decreased with age. whereas in obese rats, 
after a decrease at 3 months, they regularly Increased 
until 14 months. Messenger RNA for a 3 (I) collagen 
(Figure 5D) was barely detected after 1 month of age 
and did not change, no matter what the experimental 
group and the age of the animals were, except for a 
sharp increase in 9-month-old obese rats. No mRNA 
for Type III collagen was detected In any rats of either 
group, at any age. These observations were paralleled 
by the Immunodetection of the proteins in the glomer- 
uli in kidney sections (Figure 6). Levels of mRNA for 
T1MP-1 and TDMP-2 slowly decreased In lean rats to 
reach minima In 9- and 14-month-old animals but 
they remained constant in obese rats, with a peak at 9 
months (Figure 5, E and F). They then increased 
5.2-fold (nMP-1) and 4.5-fold (T1MP-2) in obese rats 
as compared with lean rats. 

DISCUSSION 

With age, FSGH developed dramatically In obese 
Zucker rats between 6 and 9 months, affecting 25% of 
the glomeruli. In comparison, only 2% of the glomeruli 
show FSGH at 36 months In a model of true kidney 
aging, the Wis tar (WAGJ/R1J rat raised in specific 
pathogen-free conditions (15). Automated image anal- 
ysis showed that all glomerular domains markedly 
increased in size during the first 3 months of life in 
obese and lean animals. This corresponds to the 
developing phase of young animals and kidneys. 
Thereafter, the glomeruli rapidly became hypertro- 
phied In obese rat kidneys, as in aging (15), because of 
enlargement of the glomerular tuft after the age of 3 



remained constant If we Ignore the growing period (1-3 
months). There were more capillary sections In obese rat 
kidneys than In lean rat kidneys (JP < 0.05; N ~ three 
rats/group). C: The mesangial domain enlarged In both 
groups of rate between 1 and 12 months (age effect: P < 
0.01). with a marked Increase at 6 to 9 months In obese rat 
glomeruli. The mesangial surface area In 12-monttvold 
obese animals was three times greater than In lean rats (P < 
0.001 ; N = three rats/group). 
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Rgure 3. Electron micrographs of glomerular basement membrane In lean (A. C) and obese (B, D) rat kidneys. Glomerular 
basement membrane significantly Increased In size between 3 (A, B) and 12 months (C. D) In both groups of animals, but this 
thickening was more pronounced In obese rats than In lean rats (N = 3 rats/group). (Original magnification, x 40,000). 



months. This was caused by a specific, large Increase 
In argyTOphillc extracellular matrices (GBM and mes- 
angial matrix) with no statistical slgnlfl<&nt change In 
the number of capillary lumen sections or their sur- 
face area, or In the urinary space, between 3 and 12 
months, except for a tendency to decline In the oldest 
animals. Contrary to human diabetic nephropathy, in 
which mesanglal expansion could lead to glomerular 
functional deterioration In insulin-dependent diabe- 
tes mellltus by restricting the glomerular vasculature 
(20), the expansion of the glomerular tuft did not 
modify the capillaries in these obese Zucker rats, at 
least until 9 months, as was observed" in true aging 
(15). Thereafter, although the mesanglal domain was 
still expanding, a tendency toward a decline In glomer- 
ulus, urinary space, and capillary surface areas was 
observed at 12 months, a result that was significantly 
confirmed at 15 months in another series of animals 
(Michel etaL, manuscript in preparation). This decline 
is not an artifact of measurements, as glomeruli show- 
ing manifest glomerular tuft retraction or extensive 
FSGH were not taken into account because glomeru- 

t 
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lar structures were almost indistinguishable in these 
cases. It is probably a result of an impairment In the 
GFR (as shown by the decrease in creatinine clearance 
and a rise in creatinlnemia), indirectly provoked by a 
general alteration of the tubulolnterstltlal area, a phe- 
nomenon observed in progressive renal diseases (re- 
viewed in Reference 21). This hypertrophy of the glo- 
merular tuft might be associated with the genetic 
character of the Zucker rats or a consequence of 
hyperlipidemla and the associated events (cytokine 
and elcosanold production) (22) rather than being 
directly Induced by a glomerular hyperfunction, as 
mlcropuncture experiments indicate that glomerular 
hemodynamic alterations play little role In the initia- 
tion of glomerular injury in this strain of rats (13,23). 

Because the interaction between serum lipids, mac- 
rophages, and mesanglal cell activation must play a 
key role In the pathogenesis of glomerulosclerosis, we 
Investigated the correlation between hyperlipidemla 
and trapping of monocytes /macrophages in the mes- 
anglal matrix in young Zucker pups. The number of 
ED, + macrophages markedly increased in obese pups 
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Figure 4. immunohWochemtcal detection of ED, + (mono- 
cytes/macrophages), OXft* (MHC Class II la* cells) and 
W3/25* (T helper CD 4 * cells) cells (hatched bars, obese rats; 
open bars, lean rats). Macrophages (A) Inyaded the glo- 
meruli of very young obese rats (14 days to 1 month) and 
their number per glomerulus remained significantly higher In 
obese than In lean rats (lean versus obese group: P < 0.001 ). 
In contrast, la* cells (B) and CD 4 + cells (C) differed signifi- 
cantly In the two experimental groups only at 9 months (P < 
0.05; N = six rats per group). • 

4 



in the very first weeks after weaning (Figure 4). This 
macrophage density remained low in lean rats from 1 
to 12 months, and was similar to the value found 
during true kidney aging In the Wistar (WAG)/R1J 
model (Lavaud. unpublished observations). These 



cells were not glomerular-resident macrophages, as 
they were not labeled by the ED a antibody (24), but 
our study does not discriminate between the local 
proliferation of recently recruited monocytes and a 
continuous Influx of circulating cells with age. Al- 
though obese rats always had significantly more ED t + 
cells than lean rats, this number (close to two cells per 
glomerulus) remained lower than the densities gener- 
ally seen in other experimental models of glomerulo- 
sclerosis, such as nephrotoxic serum nephritis (25), 
partial nephrectomy (26), or amlnonucleoside nephro- 
sis (27), but are In agreement with those seen by Magtl 
and Frohlich (28) In obese Zucker rats and Mai et aL 
(29) in hypertension-induced renal injury. It is inter- 
esting to note that the use of an antibody which 
reveals all of the MHC Class II la* antigens instead of 
specific EDj + monocytes /macrophages did not seem 
adequate to detect the early inflammatory cells in- 
volved In the genesis of glomerulosclerosis In this 
strain of rat: In younger obese rats, the density of 
la * cells (which was low and similar to the ED^ cell 
density) did not differ from that seen in lean Utter- 
mates (Figure 4B) or in the Wlstar/Rlj model (Lavaud, 
unpublished observations). This indicates that other 
cells (for example, a subset of mesanglal cells [30]) 
probably Intervene In the la* labeling. The number of 
la* cells was significantly Increased in 9-month -old 
obese rats, as were CD4* T helper lymphocytes 
and /or a subpopulation of monocytes /macrophages 
recognized by W3/25 antibody. This shows that in- 
flammation involving major inflammatory cell types 
was taking place In the glomeruli In parallel with the 
development of tubular lesions and interstitial fibrosis 
seen In aged obese rat kidney. 

Lipoproteins and oxidized lipoproteins play a major 
role in the recruitment and /or activation of macro- 
phages (4). In obese Zucker rats, hyperlipidemla was 
associated with significant Increases In serum very- 
low-density lipoprotein triglycerides and very-low- 
density lipoprotein cholesterol, which occurred very 
early and massively accumulated thereafter (9,11). 
This study shows that hyperlipidemla (triglyceridemia 
and cholesterolemla) and glomerular macrophage 
density are already dramatically greater In 1 -month- 
old obese rats than in their lean llttermates. This close 
relationship between hyperlipidemla and macro- 
phages is In agreement with the observation that 
llpld-supplemented diets, which induced hyperlipid- 
emla and glomerulosclerosis in some animal models, 
increase the number of macrophage cells In the early 
stages of glomerular Injury (22). Conversely, diets 
reducing hyperlipidemla should decrease the number 
of glomerular macrophages. Kaslske et aL (31) suc- 
ceeded in reducing glomerular injury by feeding rats 
polyunsaturated diets, but found no decrease In the 
number of la* cells trapped into the mesanglum of 
9-month-old obese Zucker rats. This could be because 
of the fact that they did not use the specific ED, 
antibody but a broader-range antibody to detect mac- 
rophages. 



Journal of the American Society of Nephrology 



2611 



Early Macrophages and Glomerulosclerosis 



mRNA for GAPDH 



B 



mRNA for alcoll IV 




fc ob k ob k ob k ob k ob 
1 m 3m 6m 9m 14 m 



Ijean 



mRNA for Fibronectin 



U.A. 
5 

4- 

3- 

2- 

1- 

0 




1 



ft 



g a 





T 



T 



3 6 9 
AGE (months) 



mRNA for TTMP-1 



14 




3 6 9 

AGE (months) > 




1 



D 



3 6 9 
AGE (months) 

mRNA for a2coil I 




1 



F 

U.A. 

8- 
7- 
6- 
5 
4- 

m 

3- 
2- 
1- 
0 



3 6 9 
AGE (months) 

mRNA for TIMP-2 




r*l 



ml 



J 



3 6 9 

AGE (months) 



14 



Figure 5. Synthesis of messenger RNA tor a,(IV), oa(l) coltagens, fibronectin, TIMP-1, and TIMP-2 In Isolated, mlcrodlssected 
glomeruli from lean and obese rat kidneys. After an early phase of maturation of the glomeruli, as evidenced by the 1 -month 
values, a,(IV) collagen (B) and fibronectin (C) mRNA decreased In lean rats, but Increased between 3 and 14 months In obese 
animals. However, aafl) collagen mRNA were barely detected after 1 month of age and did not change In either the 
experimental group regardless of the age of |he animals, except for a sharp Increase In 9-monthokJ obese rats. T1MP-1 (E) and 
TIMP-2 (F) mRNA decreased In lean rats to reach low values In 9- and 14-monttvold animals, but were still synthesized In obese 
rats with a peak at 9 months. Glomerular mRNA Isolated from three rats were pooled In each age group. Experiments were run 
In duplicates. The Intensities of the cDNA bands for each protein were normalized to the GAPDH band Intensities (A). 
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Figure 6. Immunofluorescence detection of Types 1, III. and IV collagens In obese (A. C, E, F) and lean (B. D) rat kidneys. With 
oge. Type IV collagen accumulated In obese and lean rat glomeruli but more In obese than In lean animals (A. B: 3-month-okl 
rats- C D- 9^monttvold rats). Type I collagen was barely seen In 9-montr>old obese-fat glomeruli, associated with foci of FSGH 
lesions (E, arrow). Type HI collagen was not detected In any group (F: 9-montt>old obese-rat glomerulus). (Original 
rTKignfflcatton: A through D. x500; E, x300; F. x600). 



Activated macrophages can stimulate both mesan- 
gial cell proliferation and their synthesis activity via 
several cytokines and growth factors, .as shown by 



studies on animal and human mesanglal cells in 
culture (32). Lipoproteins also directly stimulate mes- 
anglal cells (33). Although this study provides no 
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precise information on mesangial cell hyperplasia, it 
shows that extracellular matrices (GBM and mesan- 
gial matrix) largely expand with age in the glomeruli of 
obese rats. This expansion is associated with a net 
increase in Type IV collagen and flbronectin (mRNA 
and proteins) and occurs late after a significant in- 
crease in plasma lipids, in parallel with* the develop- 
ment of proteinuria and the beginning of kidney- 
function impairment. This influence of hyperlipidemia 
and macrophages on the upregulation of flbronectin 
mRNA was also found in experimental rlephrotic syn- 
drome induced by puromycin aminonucleoside (34). 
The synthesis of flbronectin and al(IV) collagen mRNA 
continued to increase until the rats were 12 months 
old, whereas the macrophage density; did not vary 
after 3 months. This could indicate that there is an 
autocrine production of cytokines by mesangial cells 
in the cascade of events initiated by the lipoproteins 
and the activation of monocytes /macrophages. This 
increase in flbronectin and ort(IV) collagen mRNA 
could also be the result of hyperinsulinemia. which 
reached a peak at 3 to 6 months, as insulin seems to 
be a potent factor in mesangial matrix accumulation 
in vitro (35). We also detected a band corresponding to 
a2(I) collagen mRNA and the protein itself in 9-month- 
old obese rats when FSGH lesions were well estab- 
lished. This is in agreement with the resixlts of Floege 
et qL (36). who found Type I collagen in the remnant 
kidney model. Type III collagen mRNA and protein 
remained undetectable, whereas it has been found in 
a diabetic model (37). As the expansion of ECM com- 
ponents is the result of the balance between synthesis 
and degradation of the components, we looked for a 
possible reduction in protein degradation by checking 
the mRNA for T1MP-1 and TIMP-2, enzymes that spe- 
cifically inhibit 72-kd metaUoproteinase -(TIMP- 1 ) and 
92-kd gelatlnase (TIMP-2). These metalloproteinases 
are involved in the degradation of the major matrix 
components. Types IV and V collagens. flbronectin, 
proteoglycans, elastin. and laminin (38). The synthe- 
sis of both TIMP-1 and TIMP-2 mRNA increased in 
obese animals in parallel. Our results are in agree- 
ment with those of Guijarro et aL (22), who found 
increased glomerular TIMP-2 mRNA in a rat model of 
dietary-induced hypercholesterolemia. This synthesis 
of UMP- 1 and TIMP-2 mRNA in micrrfdissected glo- 
meruli is probably a result of the glomewilar constitu- 
tive cells, primarily mesangial cells (39W However, the 
inhibition of the ECM degradation could also be partly 
mediated by infiltrating macrophages, as they pro- 
duce collagenase inhibitors (40). 

In summary, we have shown that the glomerular 
macrophage density is markedly greater in 1 -month- 
old obese Zucker rats than In their lean littermates. 
This increase parallels the worsening *>f hyperlipid- 
emia in the obese animals in the very first few days 
after weaning. Hyperlipidemia associated with hyper- 
insulinemia develops In preobese pups/rom 10 days 
onward (9). Low- and very-low-density lipoproteins 
are known to activate mesangial cells aiitf to stimulate 



the production of chemokines (reviewed in Reference 
5). Mesangial cells and endothelial cells also alter 
low-density lipoproteins to form minimally modified 
and oxidized low-density lipoproteins, which are cyto- 
toxic for endothelial cells, aggravating the recruitment 
of macrophages by newly synthesized adhesion mole- 
cules and via the production of chemokines (reviewed 
in Reference 41). The invasion of glomeruli by mono- 
cytes/macrophages, which occurs on and after wean- 
ing, is probably the result of the increases in lipopro- 
teins at very early ages in these obese Zucker pups. 
Thus, this study underscores the importance of the 
Zucker fa /fa rats as an appropriate model for exam- 
ining the relationship between obesity, early changes 
In plasma lipids, plasma insulin, glucose intolerance, 
and the cellular and molecular events involved in the 
genesis of glomerulosclerosis. 
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ABSTRACT -\ 
- CIlnlcomorphologlcaMeatures ^ 44^cases^of ,nor>- 
crescentic acute poststreptococcal glomerulone- 
phritis (APSGN) were reviewed. Intraglomerular and 
Interstitial leukocytes and their possible correlation 
with the adhesion molecules Intercellular adhesion 
molecule-1 (ICAM-1), vascular cell adhesion mole- 
cule- 1 (VCAM-1), and endothellaWeufcocyte adhe- 
sion molecule- 1 (ELAM-l/E-selectin) were Investigated 
by an Immunohistochemlcal methoc&ntraglomeru- 
lar leukocytes were primarily granulocytes (1 1.4 ± 10 
cells/glomerular cross-section) and monocytes-mac- 
rophages (13.4 ± 19.4 cells/glomerular cross-sec- 
tion). The granulocytes outnumbered monocytes- 
macrophages In 7 of 1 1 specimens. The number of 
Intraglomerular leukocytes correlated with protein- 
uria at the time of renal biopsy. Intraglomerular 
ICAM-1 staining was strongly positive In all biopsies, 
especially when Intraglomerular monocytes-macro- 
phages prevailed. Expression of intraglomerular 
VCAM-1 and E-selectin In diseased kidneys did not 
differ from that in normal kidneys. Interstitial leuko- 
cytes were primarily monocytes-macrophages 
(168.9 ± 96.8 cells/mm 2 ) and T lymphocytes (102.2 ± 
63.9 cells/mm 2 ). The number of Interstitibl leukocytes, 
especially monocytes-macrophages, correlated with 
serum creatinine level at the time of biopsy. Interstitial 
ICAM-1 staining was strongly positive on tubules, peri- 
tubular capillaries, and small vessels. The tubular 
posltivity for ICAM-1 correlated with the number of in- 
terstitial monocytes-macrophages. Interstitial VCAM-1 
and E-selectin were expressed as in normal Kidney 
tissues. The data from this study demonstrate that 
APSGN Is characterized by the presence of both Intra- 
glomerular and Interstitial leukocyte InfHtratfon, corre- 
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letting respectively with proteinuria and serum creati- 
nine at the time of renal biopsy. Among the adhesion 
molecules studied. ICAM-1 seems the most involved In 
leukocyte recruitment, especially In that of mono- 
cytes-macrophages. 

Key Words: Leukocyte infiltration. ICAM-1, VCAM-1. E-selec- 
tin, acute poststreptococcal glomerulonephritis 

Acute post-streptococcal glomerulonephritis 

presence of enlarged glomeruli containing an In- 
creased number of cells. The hypercellularity results 
from the proliferation of resident cells and from leu- 
kocyte Infiltration (1,2). Polymorphonuclear leuko- 
cytes are the most easily Identified cells and may be 
present In large numbers, but monocytes-macro- 
phages have also been detected in both human and 
experimental models of the disease (1-3). In human 
studies using hlstochemlcal methods and electron 
microscopy, a high number of Intraglomerular mono- 
cytes was found, especially in the early acute stage of 
the disease (4,5). In experimental serum sickness 
models, Sano (6) and Striker et aL (7) showed that 
much of the glomerular hypercellularity resulted from 
monocytes. In recent Immunohistochemlcal studies, a 
few Intraglomerular T lymphocytes were also found 
(8,9). Besides the acute glomerular Involvement, an 
interstitial leukocyte Infiltration, ran g in g from mild to 
severe, was also frequently described (1,2). 

In recent years, it has become evident from many 
experimental and In vivo studies that adhesion mole- 
cules play a key role In Inflammatory and immune 
responses (10-13). Intercellular adhesion molecule-1 
(ICAM-1) and vascular cell adhesion molecule-1 
(VCAM-1) are constitutionally expressed on many dif- 
ferent cell types, where they can be upregulated by 
cytokines and other mediators of Inflammation 
(14,15). It is well known that the major llgand of 
ICAM-1, the 0 2 -integrin LFA-1, is present on all leu- 
kocytes, whereas the llgand of VCAM-1, the 0 1 -inte- 
grin VLA-4, is absent on neutrophils and present on 
lymphocytes and monocytes (16-20). The binding be- 
tween VCAM-1 and VLA-4 Is considered a preferential 
way of monocyte adhesion (2 1-23). Recent experimen- 
tal studies (24-26) have shown that E-selectin 
(ELAM-1) expression is restricted to cytokine-stimu- 
lated endothelium. Is prominent In acute Inflamma- 
tory lesions, and correlates with the large influx of 
neutrophils. 

We reviewed the clinlcopathological features In 1 1 
patients with APSGN to study (using an Immunohis- 
tochemlcal method) Intraglomerular and interstitial 
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Infiltrating cells and their possible correlation with the 
expression of the adhesion molecules IGAM-1, 
VCAM-1, and E-selectln. * 

METHODS 

Patients 

Eleven patients (6 men and 5 women) with a mean age of 
30.9 yr (range. 10 to 67). showing clinical and histological 
evidence of noncrescenttc APSGN, were studied. 

At the time of admission to our hospital, all patients 
showed Increased antistreptolysin O (normal value < 200 
IU/mL) titers (ranging from 250 to 800 Ili/mL) and de- 
creased C3 serum levels. In seven patients, a decreased 
serum C4 level was also present. 

The Interval time between streptococcal Infection (a rpha- 
ryngo- tonsillitis Infection in all patients) and the onset of 
- nepfeppathyjrange^ 
14.16 ± 5.34 days). The renal onset was an acute nephritic 
syndrome In seven patients, a nephrotic syndrome in one 
patient, and macroscopic hematuria In three patients' The 
mean preblopsy follow-up period was 28.2 days (ranger, 7 to 
75 days). 

Serum creatinine concentration at the time of renal biopsy 
(RB) ranged from 61.8 to 866.3 /unol/L (m.v.; 274.0 ± ; ?90.5 
fimol/L) and proteinuria from 0.1 to 1 1.7 g per day (m.v.. 
3.16 ± 3.49). 

Kidney Tissue 

Kidney tissue was obtained from all patients and. for 
comparison, from five cadaveric kidneys that could not be 
grafted because of vascular abnormalities. Tissue samples 
for light microscopy were fixed in Bouln's fluid, embedded In 
paraffin, and stained according to standard techniques. For 
Immunofluorescence and Immunoperoxldase staining, the 
unfixed renal tissue was embedded In OCT compound {Miles 
Scientific, Napervllle. IL). snap-frozen In a mixture of isopen- 
tane and dry ice, and stored at -80°C. Subsequently, 5-ja 
sections were placed on slides and stored at -20°C until they 
were Immunostained. 

Immunoperoxldase Labeling f ; 

We used an avldln-blotln technique. In which a blottnyi- 
ated secondary antibody reacts with several peroxidase- 
conjugated streptavldln molecules. In brief, after Incubation 
with 0.5% avldin (Sigma Chlmlca. Gallarate. Milan. Italy) and 
0.01% blotln (Sigma) to suppress endogenous avidln -binding 
activity, tissue sections were Incubated with the primary 
antibody. We used the following monoclonal antibodies: 
CD45 (monoclonal mouse anti-human leukocyte common 
antigen; Immunotech, Marseille Cedex. France), CD3 (mono- 
clonal rabbit anti-human T-lymphocyte; Dako. Glostrup. 
Denmark). CD68 (monoclonal mouse anti-human monocyte- 
macrophage; Dako). CD 15 (monoclonal mouse anti-human 
granulocyte; Dako). CD 19 (monoclonal mouse anti-human 
B-lymphocyte; Dako), CD54 (monoclonal mouse anti-human 
IGAM-1; Serotec, Kldlinton. Oxford, England), CD106 (mono- 
clonal mouse anti-human VCAM-1; Serotec K CD62E (mono- 
clonal mouse anti-human E-selectin; Serotec). •> 

After being washed, the sections were sequentially fixed In 
a methanol-H 3 O a solution (to block endogenous peroxidase) 
and incubated with the secondary biourrylated antibody 
(Dako) and with the peroxidase -labeled streptavldln (£>ako). 
Peroxidase activity was detected with 3,5-dlamlnobenzldlne 
(DAB, Dako), then sections were counterstalned with Harry's 
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hematoxylin (BDH, Poole, England), dehydrated, and mounted 
In Entellan (Merck, Darmstadt. Germany). 

Specificity of labeling was demonstrated by the lack of 
staining after substitution of phosphate-buffered saline for 
the primary antibody. 

Quantitative Evaluation 

All peroxldase-stalned sections had five or more glomeruli 
and were evaluated by two Independent observers who were 
blinded to any histological or Htntrai information. Minor 
differences were subsequently resolved by conference. 

Immunohlstologlcal reaction Intensity and /or quantity 
was evaluated separately for glomeruli, tubull, vessels, and 
lnterstitium. Intraglomerular Infiltrating cells were ex- 
pressed as number of cells per glomerular cross section (gcs). 

The Interstitial labeled cells were counted using an eye- 
piece graticule (Leltz. Periplan 6F 12. 5x MF mounted in a 
Leitz Dialux -20 microscope; (Leitz, Wetzlar; Germany ) In ten 
consecutive fields, avoiding glomeruli and large vessels; the 
results were expressed as number of positive cells per square 
millimeter. 

Results were evaluated using the mean and the standard 
deviation of the mean. 

Intraglomerular, tubular, and vessel staining of adhesion 
molecules were scored semlquantttatively on a four-point 
scale: no staining. 0; focal staining. 1; diffuse staining, 2; 
massive staining, 3. Tubular staining was scored In ten 
consecutive fields per biopsy. Means and standard devia- 
tions of the scores were calculated. 

Statistical significances (P < 0.05) were analyzed using t 
test and regression test. 

RESULTS 

Histological Features 

By light microscopy, we found the presence of en- 
docapillary proliferation and Intraglomerular leuko- 
cyte infiltration of variable degrees, ranging from mild 
to intense. Extracapillary proliferation was absent In 
all cases. Subepithelial deposits (humps) were seen by 
light microscopy in ten biopsies. In eight cases, inter- 
stitial infiltration was also evident, ranging from mild 
to severe. 

Immunofluorescence was typically positive for C3, 
with a granular "starry sky" pattern. 

Electron microscopy was performed in five cases, 
confinnlng the Intraglomerular leukocyte infiltration 
and the presence of subepithelial deposits (humps). 

Immunohistochemical Features 

Intraglomerular infiltration and adhesion mole- 
cule expression. The results are shown in Table 1 . 

Intraglomerular infiltration ranged from 7.9 to 70 
cells /gcs (m.v., 23.8 ± 21 CD45+ cells /gcs). These 
cells were primarily monocytes-macrophages (m.v., 
13.4 ± 19.4 CD68+ cells /gsc) and granulocytes (m.v., 
11.4 ± 10 CD15+ cells /gsc) with less evidence of T 
lymphocytes (m.v., 1.9 ± 1.4 CD3+ cells /gcs) (Figure 
1). No B lymphocytes were found. In seven cases, the 
granulocytes were prevalent, whereas in four cases 
(Table 1: FT 8 through 11), monocytes-macrophages 
outnumbered granulocytes. The number of intraglo- 
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TABLE 1. Intraglomerular Infiltration and adhesion molecule expression* 



FT 



CD45 



CD3 



CD68 



CD15 



CD 19 



CD54 



CD106 



CD62E 



1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 

m.v. ± SD 



1.9 
3.4 
5.7 

20 

37.6 

31.3 

36.3 

10.3 
7.6 

37.8 

70 

23.8 ± 21 



0.8 

0.9 

1.3 

0.8 

5.5 

1.3 

2.7 

2.6 

2 

1 

2A 
1.9 ± 1.4 



0.9 

1.3 

2.1 

3;1 
13.1 
16:3 

2.6 

6.3 

7.5 
27.6 
66.4 

13.4 ±19.4 



1.3 

2.3 

2.7 
19.1 
18.3 
26.8 
29.6 

1 

3 

14.1 
1A 

1U ± 10.7 



0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



2 
2 
3 
3 



0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



° PT, patient; m.v., mean value; SO, standard deviation. 

merular leukocytes correlated with the degree of uri- 
nary proteins at RB (Figure 2). 

Although a positive trend between the number of 
intraglomerular leukocytes and the prebiopsy fol- 
low-up was present, we did not find a statistical 
significance between these parameters^ven when the 
interval between onset of streptococcal infection" and 
biopsy was considered. 

Glomerular I CAM- 1 staining, which in normal kid- 
neys was present only on the endothelium, appeared 
stronger and more diffuse in all diseased kidneys.. The 
four cases with a prevalent monocyte -macrophage 
infiltration demonstrated the most diffuse and intense 
ICAM-1 posltivity (Figure 3). Furthermore, ICAM-1 did 
not correlate with glomerular nephritis duration; Glo- 
merular VCAM-1 only lined the Bowman's capsule, as 
It also appeared in the normal kidneys, and' was 
occasionally positive on scattered cells. Glomerular 
E-selectin was always negative, as in normal tissues. 

Interstitial infiltration and adhesion molecule ex- 
pression. The presence of a diffuse interstitial Infiltra- 
tion (Table 2, Figure 4), ranging from mild to intense 
(m.v., 245.6 ± 137.9 CD45+ ceus/mnr*), was found 
with lmmunohistochemlcal evaluation in all biopsies, 
characterized by monocytes-macrophages (m.v., 
158.9 ± 96.8 CD68+ cells/mm 2 ) and T lymphocytes 
(m.v., 102.2 ± 63.9 CD3+ cells/mm 3 ). The number of 
interstitial granulocytes was low (m.v., 15.7 ±- 14.6 
CD15+ cells/mm a ). 

Although only two patients showed high serum 
creatinine levels, we found a significant correlation 
between the number of interstitial leukocytes, primar- 
ily monocytes-macrophages, and serum creatinine 
level at RB (Figure 5). Some infiltrating cells were: also 
positive for ICAM-1 (m.v.. 82.7 ± 59.1), VCAM-1 (m.v.. 
33.6 ± 25.4), and E-selectln (m.v., 4.6 ± 9.5) (Table 2). 

Tubules and vessels. In normal kidneys, interstitial 
E-selectln was negative and tubular epithelial cells 
had no ICAM-1, although some tubules were positive 
for VCAM- 1 . Some capillaries expressed both ICAM- 1 
and VCAM-1, the latter also being positive on some 
small vessels. * 



In APSGN biopsies, ICAM- 1 showed an Intense pos- 
itlvlty Involving all the Interstitial components: tu- 
bules, peritubular capillaries, and small vessels (Fig- 
ure 6). 

Interstitial VCAM-1 did not significantly differ from 
normal kidneys and E-selectln was positive only rarely 
on interstitial capillaries. 

We found a significant correlation between ICAM-1 
tubular expression and the CD68 interstitial Infiltra- 
tion (Figure 7). 

DISCUSSION 

The primary histological feature In APSGN is the 
presence of a diffuse and global glomerular hypercel- 
lulaiity, resulting from proliferation of resident cells 
and leukocyte infiltration (1,2). In agreement with 
previous human lmmunohistochemlcal studies (8,9), 
our data showed that Intraglomerular leukocytes were 
primarily granulocytes and monocytes-macrophages. 
In particular, monocytes-macrophages ou tnumbered 
granulocytes in four cases. There were few T lympho- 
cytes, and no B lymphocytes were found. 

In experimental serum sickness models. Sano (6) 
and Striker et aL (7) found that much of the glomeru- 
lar hypercellularity resulted from monocytes, and 
Hunslcker et aL (27) found that the peak proteinuria 
coincided with the time of intraglomerular monocyte 
accumulation. In our cases, also confirming previous 
results obtained by our group, the number of intra- 
glomerular leukocytes correlated with urinary pro- 
teins at RB (4) and not with serum creatinine levels 
(28), suggesting that the acute glomerular involve- 
ment is responsible more for protein losses than for 
the Impairment of renal function. 

The mechanism of acute and transient intraglo- 
merular leukocyte accumulation in APSGN is still not 
well known. In recent years, it has become more and 
more clear that adhesion molecules are essential for 
leukocyte entry to the tissue (10-13). Most authors 
(12.26.29-31) agree that leukocyte adhesion to the 
endothelium may be schematically divided into two 
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are few Intraglomerular T lymphocytes (d). (hnmunoperoxkJase stain: original magnification: o-c. #10: d. x20> 
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Rgure 2. Correlation between Intraglomerular leukocytes 
and urinary proteins at the time of renal biopsy, gcs, glomer- 
ular cross-section. 
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steps: first, the interaction between selectlns (as E- 
selectin) and their carbohydrate Ugands induces leu- 
kocytes to roll onto endothelium. The second step is 
characterized by the Interaction between leukocyte 
integrins and endothelial immunoglobulin (Ig)-llke 
molecules (as ICAM- 1 and VCAM- 1 ), and produces the 
immobilization that precedes dlapedesis. ICAM-1 and 
VCAM-1 are constitutionally expressed on many dif- 
ferent cell types, where they can be upregulated by 
cytokines and other mediators of Inflammation 
(14,15). It is well known that the major ligand of 
ICAM-1, the /3 a -integrin LFA-1, is present on all leu- 
kocytes, whereas the ligand of VCAM-1, the 0,-lnte- 
grin VLA-4, is absent on neutrophils and present on 
lymphocytes and monocytes (16-20). 

In normal glomeruli, we found, as have many other 
authors (32-34), a constitutive expression of ICAM- 1 
on endothelial cells, whereas VCAM-1 was present on 
Bowman's capsule and E-selectin was negative. All of 
our cases with noncrescentlc APSGN showed an in- 
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Figure 3. Intraglomerular adhesion molecule expression, (a, b) Evident endothelial and mesanglal ICAM-1 posMvlty charac- 
terized by variable Intensity, (c. d) VCAM-1 and ELAM-1 expression are not different from normal tissue. (Immunoperoxldase 
stain; original magnification, x2Q). 

TABLE 2. Interstitial Infiltration i. 



Monoclonal Antibodies 



Normal Tissue 
(no. of ^ells/mm?. (m.v. ± SD)) 



APSGN Biopsies 
(no. of cells/mm 3 (m.v. ± SD)) 



P Value 



CD45 

CD3 

CD66 

CD15 

CD54 

CD106 

CD62E 



72.1 
26.5 
44.1 
0.9 
2.2 
2.8 



53.8 

2^.3 

32.9 

Vi52 

li5 

t;4 



245.6 
102.2 
158.9 
15.7 
82.7 
33.6 
4.6 



137.9 

63.9 

96.8 

14.6 

59.1 

25.4 

9.5 



0.001 

0.001 

0.001 

0.003 

0.0005 

0.001 

0.08 



creased intraglomerular ICAM-1 expression, with a 
particular Intensity In the four cases In which mono- 
cytes-macrophages outnumbered granulocytes;. An 
increased expression of mtraglomerular ICAM-1 that 
significantly correlated with the number of glomerular 
monocytes-macrophages was recently found In APSGN 
by Parra et ai. (35). suggesting that In APSGN. IGAM-1 



Is primarily Involved In the glomerular monocyte- 
macrophage Infiltration. 

VCAM-1. through the interaction with its llgand 
VLA-4, Is thought to be a preferential way of monocyte 
recruitment (21-23). Nevertheless. In our specimens, 
VCAM-1 was almost negative In the glomerular tufts, 
as It also appears In the normal kidney. 
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Figure 4. Intense and diffuse Interstitial leukocyte Infiltration (a) resulting from macrophages (b) and T lymphocytes (c). A low 
number of Interstitial granulocytes was present (d). (Immunoperoxldase stain; original magnification: a-c. x 10; d. x20). 
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Figure 5. Correlation between Interstitial macrophages and 
serum creatinine (S.Creat.) level at renal biopsy. » 

- * r 

In a previous study on renal vasculitis (36) and S^l 8 
cases of IgAGN showing necrottzlng-exaracaplllay le- 
sions (data not published), our group has found an 
Intense posltlvlty of VCAM- 1 , strictly corresponding to 
the areas of necrotlzing-extracapillary damage with 
evident monocyte -macrophage accumulation. With a 
double-staining procedure, we Identified the parietal 



epithelial cells positive for VCAM-1 in the crescents, 
whereas in the necrotic areas it was quite impossible 
to determine exactly what type of cell was positive. 
Furthermore, in our experience, VCAM- 1 was negative 
in the tuft of 2 1 cases of cryoglobulinemlc glomerular 
nephritis, characterized by a massive monocyte infil- 
tration but the absence of extracapillary proliferation. 
Therefore, all of our data seem to confirm the hypoth- 
esis that lntraglomerular VCAM- 1 might be particu- 
larly Involved In the monocyte recruitment in necro- 
tlzlng-extracapillary damage. Obviously, when using 
only lmmunohistochemlstry, we can hypothesize but 
not demonstrate that VCAM- 1 glomerular posltlvlty is 
linked to a different mechanism of monocyte recruit- 
ment. 

Recent experimental studies have shown that E- 
selectin is absent on normal endothelium before cyto- 
kine stimulation (24,25). Its expression, although also 
involved in chronic Inflammation (37,38), is promi- 
nent in acute inflammatory lesions and correlates 
with the large Influx of neutrophils (25, 26). On the 
other hand, it has been found that the cytoplasmic 
domain of E-selec tin contains tyrosln residues that 
have been suggested to mediate the internalization of 
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Figure 6. Intense and diffuse ICAM-1 posttivtty (a, b) involving all of the Interstitial components, interstitial VCAM-1 (c) does not 
significantly differ from normal kidneys; ELAM-1 (d) Is positive only rarely on Interstitial small vessels. (Immunoperoxldase stain; 
original magnification: a, c. d. xlO; b, x20). 



350r Interstitial CD68 (do. cells/mm 2 ) 
300 a 
250 
200 
150 

100 ^ ___ 

50 



R-0.80 
P « 0.002 



0,5 



1*5 



2,5 3 34 
■ Tubular ICAM-1 



Figure 7. Correlation between interstitial macrophage^ and 
tubular ICAM-1 expression. 



other transmembraln domains (39). This may account 
for the short half-life of E-selectln at the cell surface 
(12. 40 J, and may also explain the complete lntraglo- 
merular negativity that we found In APSGN. 



Many authors have described In APSGN the pres- 
ence of diffuse Interstitial Infiltration ranging from 
mild to severe, and sometimes associated *rith focal 
accumulation of mononuclear leukocytes and poly- 
morphonucleates (1,2). By light microscopy , we found 
interstitial Infiltrations of varying degrees in eight 
patients. With inununohlstochemlstry, all cases 
showed a diffuse interstitial infiltration primarily com- 
posed by monocytes-macrophages and T lympho- 
cytes. A few granulocytes were also present. The num- 
ber of interstitial Infiltrating cells significantly differed 
from those found In normal kidneys. 

The greater sensitivity of lnxmunohlstochemlstry to 
detect Infiltrating leukocytes was also underlined by 
Alexopoulos et ai. in membranous glomerulonephritis 
(41), and, in our opinion, confirms the benefits of 
routine use of monoclonal antibodies on renal biop- 
sies to more precisely determine quantity and quality 
of interstitial leukocyte Infiltration. 

In 1977, Bohle et ai. (42), using morphometric 
analysis, discovered for the first time a correlation 
between serum creatinine levels and the increase In 
interstitial volume in acute endocaplUary glomerulo- 
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nephritis, and explained the correlation on the basis 
of a reduction of RBF brought about by compression of 
the postgjomerular vasculature. 

In our patients, we could not find any correlation 
between the presence of interstitial edema and the 
degree of renal failure. Moreover, it is well known that 
In both primary and secondary glomerular nephritis, 
the Intensity of interstitial infiltration better correlates 
with the impairment of GFR than do glomerular le- 
sions (43-45). 

In our cases, taking into account that a very high 
serum creatinine level was present in only two pa- 
tients, a significant correlation between Interstitial 
Infiltration, and In particular of monocytes -macro- 
phages, and serum creatinine level at RB was fqund. 
Therefore, also considering the absence of correlation 
between intraglomerular infiltration and serum creat- 
inine level, our data might suggest that the interstitial 
inflammation may also be responsible for the func- 
tional damage In acute processes. 

In our specimens, we also found some cells express- 
ing adhesion molecules, primarily ICAM-1/ and 
VCAM-1. The presence of adhesion molecules on leu- 
kocyte surface was suggested by Brady et ctL (46) 40 be 
Important in cell-cell and cell-matrix interactions to 
promote transcellular biosynthesis of x lipoxygenase 
products, therefore enhancing the Inflammatory pro- 
cess, a 

In the lnterstitium of our patients, we found I CAM- 1 
to be strongly expressed, and to involve .tubules, peri- 
tubular capillaries, and small vessels. Moreover, the 
tubular ICAM-1 expression signlflcarijtly correlated 
with the interstitial monocyte-macrophage number, 
further suggesting that ICAM-1 in noncresdentic 
APSGN is especially Involved in acute monocyte re- 
cruitment. In effect, interstitial VCAM-1 and E-selec- 
tln did not show substantial differences from normal 
kidneys. 

In conclusion, our data demonstrate that APSQN is 
characterized by the presence of both intraglomerular 
and interstitial leukocyte infiltration that respectively 
correlate with proteinuria and serum creatinine at RB. 
Among the adhesion molecules studied, ICAM-1 
seems to be the most Involved In recruitment of both 
intraglomerular and interstitial leukocytes, especially 
of monocytes. 

REFERENCES 

1. Silva FO. Acute postinfectious glomerulonephritis and 
glomerulonephritis compUcaunc persistent bacterial in- 
fection. In: Hcptmstall RH. ed. Pathology of the Kidney. 
4th ed. Boston: Little. Brown; 1992:297-388. < 

2. Rodriguez-Iturbe B. Poststreptococcal glomerulonephri- 
tis. In: Massry SO. Glassock RJ. eds. Textbook of Ne- 

§hrology. 3rd ed. Baltimore: Williams &.Wilklns; 1995: 
98-703. 

3. Holdaworth SR. Neale TJ, Wilson CB: The participation 
of macrophages and monocytes in experimental immune 
complexes glomerulonephritis. Clin Immunol Immuno- 
pathol 1980*15:510-524. 

4. Ferrario F, Castiglione A. Colasanti G. Baxbiano di 
Bclgioioso G, Bertoli S. D'Amico G: The detection of 
monocytes in human glomerulonephritis. Kidney Int 

2426 w 



1985:28:5 ia-5 19. 

5. Monga G. Mazzucco G. Barbiano di Belgioioso G. 
Busnach G: Monocyte infiltration and glomerular hyper - 
cellulaiity in human acute and persistent glomerulone- 
phritis. Light and electron microscopic, immunofluores- 
cence and hlstochemlcal investigation on twenty-eight 
cases. Lab Invest 1981;44:381-387. 

6. Sano M: Participation of monocytes In glomerulonephri- 
tis in acute serum sickness of rabbit. Acta Pathol Jpn 
1976;26:423-427. 

7. Striker GE, Mannick M, Tung MY: Role of marrow- 
derived monocytes and mesanglal cells in removal of 
immune complexes from renal glomeruli. J Exp Med 
1979;149:127-132. 

8. Parra G, Piatt JL, Falk RJ. Rodriguez-Iturbe B, Mj^yei 
AF: Cell populations and membrane attack complex In 
glomeruli 01 patients with post -streptococcal glomerulo- 
nephritis. Identification using monoclonal antibodies by 
indirect Immunofluorescence. Clin Immunol Immuno- 
pathol 1984;33:324-332. 

9. Cameron JS, Nolasco F, Hartley B: Glomerular T-cells 
and macrophages in crescentlc and non-crescentlc pro- 
liferative glomerulonephritis {Abstract]. Kidney Int 1986; 
29:267A. 

10. Springer TA: Adhesion receptors of the Immune system. 
Nature (Lond) 1990:46:425*434. 

1 1 . Lasky LA: Selectlns: Interpreters of cell-specific carbo- 
hydrate Information during inflammation. Science 1992; 
258:964-969. 

12. Carlos TM. Harlan JM: Leukocyte-endothellal adhesion 
molecules. Blood 1994;84:2068-2101. 

13. Dal Canton A: Adhesion molecules in renal disease. 
Kidney Int 1995;48:1687-1696. 

14. Rothleln R, Czajkowskl M. 0*NeiU MM. Mariln SD, 
Mainolfl E. Mexiuzzi VJ: Induction of Intercellular adhe- 
sion molecule- 1 on primary and continuous cell lines by 
pro-inflammatory cytokines. J Immunol 1988:141: 
1665-1669. 

15. Carlos T, Kovach N, Schwartz B, et aL: Human mono- 
cytes bind to two cytokine -induced adhesive Uganda on 
cultured human endothelial cells: Endothelial leukocyte 
adhesion molecule- 1 and vascular cell adhesion mole- 
cule.!. Blood 1991;77:2266-2271. 

16. Rotnlein R, Dustln ML, Marlin SD, Springer TA: A 
human intercellular adhesion molecule (ICAM-1) dis- 
tinct from LFA-1. J Immunol 1986;137:1270-1274. 

1 7. Marlin SD, Springer TA: Purified Intercellular adhesion 
molecule- 1 (ICAM- 1 ) is a Ugand for lymphocyte function- 
associated antigen 1 (LFA-1). Cell 1987;51:813-819. 

18. Osborn L, Hession C, Tizard R, et at: Direct expression 
cloning of vascular cell adhesion molecule- 1 (VCAM-1). a 
cytoklne-induced endothelial protein that binds to lym- 
phocytes. Cell 1989;59:1203-1211. 

19. Rice GE, Munro JM, Bevilacqua MP: Inducible cell ad- 
hesion molecule 110 (INCAM-1 10) is an endothelial re- 
ceptor for lymphocytes. J Exp Med 1 990; 171: 1369 - 
1374. 

20. Wuthrich RP: Intercellular adhesion molecules and vas- 
cular cell adhesion molecule - 1 and the kidney. J Am Soc 
Nephrol 1992;3:1201-1211. 

21. Butcher EC: Leukocyte-endothellal cell recognition: 
Three (or more) steps to specificity and diversity. Cell 
1991;67:1033-1036. 

22. Cattell V: Macrophages In acute glomerular inflamma- 
tion. Kidney Int 1994;45:945-952. 

23. Bruijn JA, De Heer E: Adhesion molecules in renal 
diseases. Lab Invest 1995;72:387-394. 

24. Bevilacqua MP, Pober JS, Mendrlck DL. Cotxan RS, 
Glmbrone MA: Identification of an inducible endothelial- 
leukocyte adhesion molecule, E-LAM 1. Proc Natl Acad 
Scl USA 1987;84:9238-9242. 

25. Munro JM. Pober JS. Cotran RS: Recruitment of neu- 
trophils In the local endotoxin response: Association 
with de novo endothelial expression of endothelial leu- 
kocyte adhesion molecule- 1. Lab Invest 1991:64:295- 
298. 

26. Kiahimoto TK, Rothleln R: Integrlns. ICAMs, and selec- 
tlns: Role and regulation of adhesion molecules In neu- 



Volume 7 • Number 1 1 • 1996 



* - 



trophll recruitment to Inflammatory sites. Adv Phrmacol 
1994;25:117-119. 

27. Hunsicker LG, Shearer TP, Plattem SB, Welsenburger 
D: The role of monocytes In serum sickness nephritis. J 
Exp Med 1979;150:413-425. 

28. Ferrario P, Kourilsky O v Morel-Maroger L: Acute endo- 
caplllary glomerulonephritis In adults: A histologic and 
clinical comparison between patients with and without 
initial acute renal failure. Clin Nephrol 1983;19:17-23. 

29. Pober JS, Cotran RS: The role of endothelial cells in 
inflammation. Transplantation 1990:50:537-544. * 

30. Briscoe DM, Cotran RS: Role of leukocyte-endothellal 
cell adhesion molecules in renal inflammation: In: vitro 
and in vivo studies. Kidney Int 1993;44[S42]:S27-^S34. 

3 1 . Brady HR, Denton MD, Jimenez W, Takata S, Palliser D, 
Brenner BM: Chemoattractants provoke monocyte adhe- 
sion to human mesangtal cells and mesanglal cell Injury. 
Kidney Int 1992;42:480-487. 

32. Bruijn J A. Dinklo NJCM: Distinct patterns of expression 
of intercellular adhesion molecule- 1 , vascular cell adhe- 
sion molecule- 1 and endothelial-leulu>cyte adhesion 
molecule- 1 In renal disease. Lab Invest 1993:69:329- 
335. 

33. Hill PA, Main IW. Atkins RC: ICAM-1 and VCAM-.1 In 
human renal allograft rejection. Kidney Int 1995;47: 
1383-1391. -»: 

34. Brady HR: Leukocyte adhesion molecules and kidney 
diseases. Kidney Int 1994;45:1285-1300. '' 

35. Parra O, Romero M, Henriquez-La Roche C, Pineda R, 
Rodriguez -Iturbe B: Expression of adhesion molecules 
in post-streptococcal glomerulonephritis. Nephrol" Dial 
Transplant 1 994;9: 1412-1417. > 

36. Rastaldl MP, Ferrario P, Tunes! S, Yang L D'Amico O: 
Intraglomenilar and interstitial leukocyte infiltration, 
adhesion molecules and IL-la expression In 15 cases of 
ANCA- associated renal vasculitis. Am' J Kidney Dis 
1996:1:48-57. 



Rastaldl et at 



37. Koch AE, Burrows JC, Haines GK, Carlos TM, Harlan 
JM, Leibovich SJ: Immunolocallzatlon of endothelial 
and leukocyte adhesion molecules In human rheuma- 
toid and osteoarthrltic synovial tissues. Lab Invest 1991; 
64:313-320. 

38. Picker LJ, Kishlmoto TK, Smith CW t Wamock RA, 
Butcher EC: ELAM- 1 Is an adhesion molecule for skin- 
homing T cells. Nature (Lond) 1 99 1 ;349:796-799. 

39. Pearse BMP: Receptors compete for adaptors found In 
plasma coated pits. EMBO J 1988;7:3331-3337. 

40. Von Asmuth EJU, Smeets EP, Ginsel LA, Onderwater 
JJM, Leeuwenberg JFM, Buurman WA: Evidence for 
endocytosts of E-seTectln in human endothelial cells. Eur 
J Immunol 1992;22:2519-2525. 

41. Alexopoulos E, Seron D, Hartley RB, Nolasco F, 
Cameron JS: Immune mechanisms In idiopathic mem- 
branous nephropathy: The role of the interstitial Infil- 
trates. Am J Kidney Dis 1989;13:404-412. 

42. Bohle A. Bader R, Grund KE , Mackensen S, Neunhoef- 
fer J: Serum creatinine concentration and renal intersti- 
tial volume: Analysis of correlations in endocapillary 
(acute) glomerulonephritis and in moderately severe me- 
sangloprollferattve glomerulonephritis. Vlrchows Arch 
(Pathol Anat) 1977;375:87-92. 

43. Hooke DH, Gee DC, Atkins RC: Leukocyte analysis 
using monoclonal antibodies In human glomerulone- 

Bhritis. Kidney Int 1987;31:964-972. 
ath KA: Tubulolnterstltlal changes as a major determi- 
nant in the progression of renal damage. Am J Kidney 
Ols 1992;20:1-17. 

45. D'Amico G, Ferrario F. Rastaldl MP: Tubulolnterstltlal 
damage in glomerular diseases: Its role in the progres- 
sion of renal damage. Am J Kidney Dis 1995:26:124- 
132. 

46. Brady HR, Papayannl A, Serhan C: Leukocyte adhesion 
promotes biosynthesis of lipoxygenase products by tran- 
scellular routes. Kidney Int 1994;45[S45):S90-S97. 



Journal of the American Society of Nephrology 



2427 



Intervention of crescentic glomerulonephritis by 
antibodies to monocyte chemotactic and activating 
factor (MCAF/MCP-1) 
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ABSTRACT We investigated the pathophysiologi- 
cal role of a potent macrophage (M<|>) chemotactic 
cytokine (chemokine), monocyte chemotactic and 
activating factor/monocyte chemoattractant protein- 
1 (MCAF/MCP-1), in an animal model of crescentic 
glomerulonephritis. Administration of a small dose of 
nephrotoxic sera induced severe proliferative and 
necrotizing glomerulonephritis, with crescentic for- 
mation in the early phase and glomerulosclerosis in 
the later phase, in Wistar-Kyoto rats. MCAF/MCP-1 
protein was detected immunohistochemically in 
glomeruli, vascular endothelial cells, and tubular 
epithelial cells in the early phase of injured kidney 
tissues but not in normal ones. Anti-MCAF/MCP- 1 
antibodies decreased the number of M$ in glomeruli* 
and prevented crescentic formation and the fusion 
of epithelial cell foot process in nephritic rats, 
thereby decreasing the excreted amounts of protein 
to normal levels on days 3 and 6. Furthermore*, 
anti-MCAF/MCP-1 antibodies remarkably reduced 
glomerulosclerosis and improved renal dysfunction 
as well as proteinuria in the later phase (56 days). 
These results indicate that MCAF/MCP-1 essentially 
participates in the impairment of renal functions 
associated with crescentic glomerulonephritis by re- 
cruiting and activating M<|>. — Wada, T., Yokoyama, 
H., Furuichi, K., Kobayashi, K.-L, Harada, K», 
Naruto, M., Su, S.-B., Aldyama, M., Mukaida, N M 
Matsushima, K. Intervention of crescentic glomeru- 
lonephritis by antibodies to monocyte chemotactic 
and activating factor (MCAF/MCP-1). FASEBJ. 10, 
1418-1425(1996) 

Key Words: chemokine * glomerular base membrane * macrophage 
•proteinuria 

* 

In Wistar-Kyoto (WKY) 2 rats, a very small dose of neph- 
rotoxic sera (NTS) induces severe proliferative and ne- 
crotizing glomerulonephritis with crescentic formation (1, 
2). This type of glomerulonephritis is caused by the anti- 
bodies reactive with Goodpasture's antigen, and is char- 
acterized by linear deposition of IgG in the glomerular ' 



basement membrane (GBM), widespread crescentic for- 
mation, and glomerulosclerosis, resembling human cres- 
centic glomerulonephritis. In human glomerulonephritis, 
crescentic formation is usually associated with poor prog- 
nosis. In this model, the infiltration of T lymphocytes and 
monocytes/macrophages (M<)>) with a few neutrophils ib 
the earliest and most prominent pathological change. 
Moreover, M<J> as well as CD8-positive T lymphocytes 
have been postulated to be involved in both the develop- 
ment of glomerular lesions and crescentic formation (1). 
However, the precise roles of M$ in the development of 
glomerular lesions and crescentic formation have not 
been determined. 

A chemokine, monocyte chemotactic and activating 
factor (MCAF) (also known as monocyte chemoattractant 
protein- 1, MCP-1 or JE), is secreted either constitutively 
or after induction with mitogens, cytokines, or growth fac- 
tors by a variety of cell types including lymphocytes, fi- 
broblasts, endothelial cells, smooth muscle cells, and 
several tumor cell lines in vitro (3—5). Recent studies in- 
dicate that MCAF/MCP-1 is also produced by mesangial 
cells in response to low density lipoprotein (LDL), IL-1, 
or TNF-Ot in vitro (6—8). Moreover, increased expression 
of MCAF/MCP-1 transcript or protein has been observed 
on renal tissues from human lupus nephritis and experi- 
mental glomerulonephritis models (9-12). However, no 
direct evidence has been provided on the role of 
MCAF/MCP-1 in the infiltration and activation of M<J> or 
crescentic formation in glomerulonephritis. Hence, we 
evaluated the role of MCAF/MCP-1 in crescentic 
glomerulonephritis in WKY rats by administering specific 
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polyclonal neutralizing anti-MCAF/MCP-1 antibodies that 
were prepared against recombinant rat MCAF/MCP-1. 



MATERIALS AND METHODS 
Animals 

Inbred male WKY rata (Charles River Japan Inc., Atsugj, Kanagawa, 
Japan), aged 12 wk., were quarantined for at least 1 wk at the 'Animal 
Research Center of Kanaxawa University to confirm the absence of 
disease before use. Animals were fed standard rat chow and given free 
access to water under 24 h light control. All the procedures used in the 
animal experiments complied with the standards set out in the Guideline 
for the due and Use of Laboratory Animals in Takara-machi Campus of 
Kanaxawa University* 

Expression of rat recombinant MCAF/MCP-1 and . 
preparation of polyclonal antibodies against rat 
MCAF/MCP-1 

m 

An expression vector pSCFV-1 (a generous gift from Chugai Pharmaceu- 
tical Co. Ltd., Tokyo, Japan) that contained a tryptophane promoter and 
a leader sequence of the bacterial pel B gene (13) was chosen to express 
rat MCAF/MCP-1 as a secreted form in Escherichia co/J. Rat 
MCAF/MCP-1 cDNA (14) was obtained by reverse traiiscriptase*polym- 
erase chain reaction (RT-PCR) using total RNA from lipopolysaccha- 
ride-stimulated rat spleen cells and was cloned into pSCFV-1- and 
transduced into E. coli HB101. The transformant was cultured, in a 
modified M9 medium with 3-indole acrylic acid at 37°C for 24 h. The 
culture fluids were centrifuged at 4600 X ;g46g for 10 min and the pellet 
was washed with 10 mM Tris-HCl (pH 7.5), 25% sucrose twice. The cell 
pellet was further washed with 10 mM Tris-HCl (pH 7.5), 25% sucrose, 
1 mM EDTA All the supematants during these procedures were" pooled; 
the pH was adjusted to 5.0 with acetic acid, applied to a heparin agarose 
column (Pharmacia-Biotech, Uppsala, Sweden), and eluted.bv.l M 
NaQ-0.02 M Na phosphate buffer (pH7.5). The eluate was thenrapplied 
to a Superose 12 gel filtration column equipped with an FPLC system 
(Pharmacia-Biotech) and dialyzed against 0.02 M Na-phosphate buffer 
(pH 7.5). The dialyzed sample was further applied to a heparin column 
(TSK Heparin-5PW, Tosoh, Tokyo, Japan) equipped with a Phapnacia- 
LKB Pump 2248 system and eluted by a linear gradient of NaGl in the 
range of 0 — 1 M in 0.02 M Na-phosphate buffer (pH7.5). The fractions 
containing rat MCAF/MCP-1 were monitored by sodium dodecyl^ulfate- 
polyacrylamide gel electrophroresis (SDS-PAGE) analysis. The final 
product showed a single band on SDS-PAGE stained with Coomassie 
brilliant blue, and its amino acid sequence of amino terminus was 
identical to the one reported for mature rat MCAF/MCP-1 (14). m 

Antibodies and reagents 

Goat and rabbit polyclonal antibodies were prepared by repeated immu- 
nization of animals with purified, recombinant rat MCAF/MCP-1. IgG 
fraction was purified from immunised or normal animal sera by using a 
protein A agarose column (Pharmacia-Biotech). On Western blotting 
analysis, the goat antibodies detected a single band in the same fraction 
as recombinant rat MCAF/MCP-1 when concanavalin A-stimulated 
spleen culture supernatant was fractionated by using a heparin- high 
performance liquid chromatography (data not shown). The goat antibod- 
ies did not show any cross-reactivities against recombinant rat RANTES 
(Pepro-Tech, Rocky Hill, NJ.) on Western blotting analysis (data not 
shown). Rat GBM was prepared by the method of Krakower and Green- 
spon (15). Three Japanese white rabbits were immunized suljcutane- 
ously with sonicated GBM emulsified in complete Freunds adjuvant 
(Iatron, Tokyo, Japan). Boosters were given several tiroes using GBM 
with incomplete Freunds adjuvant (Iatron). Blood was drawn 7 days 
after the last booster and sera were prepared by centrifugatjon after 
coagulation. Before use, the NTS were heat-decomplemented and ab- 
sorbed twice with an equal volume of packed rat red blood cells and 



rabbit liver powder overnight at 4°C. An indirect immunofluorescence 
analysis using the NTS gave rise to a sharp linear fluorescence only 
along the GBM and the tubular basement membranes in frozen sections 
of normal Wistar rats, indicating the specificity of the serum. 

Monocyte chemotaxis assay 

Monocyte chemotaxis assay using rat peripheral blood mononuclear 
cells was performed in essentially the same way described previously 
(5). In some experiments, recombinant rat MCAF/MCP-1 (10 ng/ml) was 
preincubated with the indicated concentrations of anti-rat MCAF/MCP- 
1 antibodies at 4°C for 30 min before the chemotaxis assay. 

Experimental design 

On day 0, male WKY rats aged 12 wk were injected intravenously with 
0.1 ml of NTS. Either anti-MCAF/MCP-1 polyclonal antibodies or nor- 
mal goat IgG at a dose of 2.5 mg in 0.5 ml of physiological saline was 
administered intravenously at the same time. Groups of six rats were 
killed on days 3, 6, 14, and 56. Urine samples were collected using a 
metabolic cage at five time intervals: from day -1 to the time of injection 
of NTS on day 0, and from day 2, 5, 13, or 55 to the time of death. 

Histopathological studies 

One portion of the renal tissue was fixed in 10% buffered formalin, 
followed by embedding in paraffin and staining with periodic acid-SchifT 
(PAS) reagents. The sections were evaluated under light microscopy by 
two independent observers without any prior knowledge of the experi- 
mental design. To avoid variation in the shape of the glomeruli, we chose 
glomeruli of the same diameter from a vascular pole. The total number 
of cells was determined on at least 10 glomeruli of each rat and ex- 
pressed as the number per glomerulus. The number of crescentic forma- 
tion in at least 30 glomeruli of each rat was measured and expressed as 
a percentage of positive glomeruli of the total. We defined the lobes of 
each glomerulus according to the location of mesangial areas so that 
each glomerulus contained more than four lobes in a particular glomeru- 
lus. Glomerular sclerosis was expressed ae an index in all glomeruli of 
each rat, graded on an arbitrary scale (0, none; 1, one lobe; 2, two lobes; 
3, three lobes; 4, more than four lobes). Another portion of renal tissue 
was frozen rapidly and immunoetained directly with fluorescein isothio- 
cyanate (FTTC) -conjugated, anti-proliferating cell nuclear cell antigen 
(PCNA; Leinco Technologies Inc., St. Louis, Mo.; No. 033L245) or 
indirectly with either a mouse monoclonal antibody against rat tissue 
monocytes and macrophages, EDI (IgGi, BMA Biomedicals Ltd., Swit- 
zerland) or a mouse monoclonal antibody against the rat CD8 molecules 
(IgGi, Cedarlane, Hornby, Ontario, Canada; No. 0412). Positive cells 
were counted on at least 30 randomly chosen glomeruli. Renal tissues 
obtained from four normal WKY rats were used as negative controls. 
FTTC -conjugated anti-rabbit IgG (Organon Teknika Corporation; No. 
38236), FTrC-conjugated anti-rat C3 (Organon Teknika Corporation; 
No. 38810), and FTTC-conjugated anti-rat IgG (Organon Teknika Cor- 
poration; No. 38731) were used for direct immunofluorescence. The 
amount and extent of fluorescence were evaluated for at least 50 
glomeruli and graded on an arbitrary scale from 0 to 3 (negative, scat- 
tered, weakly diffuse, and strongly diffuse) by two independent ob- 
servers with no prior knowledge of the experimental design. Several 
portions of each specimen were prefixed with 2.5% glutaraldehyde and 
postfix ed with 4% osmic acid, progressively dehydrated in an alcohol 
series, embedded in Epok 812, and cut into ultrathin sections. Utese 
were double-stained with uranyl acetate and lead citrate and were ex- 
amined by electron microscopy (Hitachi H-600, Tokyo, Japan). 

I mmnnobisto chemical detection of MCAF/MCP-1 

The presence of MCAF/MCP-1 protein was examined immunohisto- 
chemically on frozen tissue specimens by using an indirect avidin-biot- 
inylated alkaline phosphatase complex method (12) with rabbit anti-rat 
MCAF/MCP-1 antibodies. In some experiments, the antibodies were 
preabsorbed with an excess amount of recombinant rat MCAF/MCP-1 
before the analyses. Two observers without any prior knowledge about 
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experimental designs independently examined the immunohistochemi- 
cal findings. 

Determination of urinary protein, blood urea nitrogen, 
and creatinine concentrations 

Urinary protein concentrations were determined by the pyrogaroi red 
method using human serum albumin as a standard (16). Urinary protein 
excretion was expressed as the total amount excreted in 24 h. Blood urea 
nitrogen, serum, and urinary creatinine levels were measured using an 
automated analyzer (Hitachi, Tokyo, Japan) according to the manufac- 
turers instructions. 

Statistical analysis 

The mean and standard error were calculated on all parameters deter- 
mined in this study. Statistical analyses were performed using paired 
and unpaired Student's f test and ANOVA test. P< 0.05 was accepted 
as statistically significant. 



RESULTS 

Neutralizing activities of anti-rat MCAF/MCP-1 
dies 



■ III! 



We first examined the effects of anti-rat MCAF/MCP-.i 
antibodies on rat MCAF/MCP-l-induced monocyte 
chemotaxis. Recombinant rat MCAF/MCP-1 induced rat 
monocyte chemotaxis, with a maximal effect at 10 ng/ml 
(Fig. 1) as reported on human MCAF/MCP-l-induced 
human monocyte chemotaxis (4, 5), indicating that the 
expressed protein has full biological activities. Goat antf- 
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Figure 1 . Monocyte chemotaxis assay. Monocyte chemotaxis assay was 
performed using rat peripheral blood mononuclear cells on medium (lane 
1) or rat MCAF/MCP-1 (lane 2, 1 ng/ml; lanes 3, and 5 to 8, 10 ng/ml; 
lane 4, 100 ng/ml) pre-incubated with goat anti-rat MCAF/MCP-1 anti- 
bodies (lane 5, 1 Jig/ml; lane 6, 10 Ug/ml; lane 7, 100 Ug/ml) or a control 
IgC (lane 8, 100 Ug/ml). After incubation, the number of migrated cell* 
were determined as described in Materials and Methods. 



rat MCAF/MCP-1 antibodies, but not normal goat IgG, in- 
hibited rat-MCAF/MCP-1 -induced monocyte chemotaxis 
by nearly 50% at a MCAF/MCP-1 to antibody molar ratio 
of about 1: 100 (Fig. 1), suggesting that the antibody can 
neutralize the biological activities of rat MCAF/MCP-1 
effectively. 

Histopathological studies 

Immunofluorescence analysis revealed no deposition of 
rabbit IgC in glomeruli from four normal WKY rats (data 
not shown). Rabbit IgC was intensely detected in a linear 
pattern along the glomerular capillaries from NTS-in- 
jected rats treated with the control IgG or anti- 
MCAF/MCP-1 antibodies. Rat IgC and C3 were also 
detected, but the intensity was similarly faint. Semiquan- 
titative evaluation of deposition revealed no significant 
difference in the deposition of rabbit IgC, rat IgC, and rat 
C3 between glomeruli from rats treated with anti- 
MCAF/MCP-1 antibodies and those given a control IgG 
(data not shown). 

Three days after NTS injection, endocapillary prolifera- 
tion, pathologically characterized by the presence of en- 
dothelial cell proliferation and inflammatory cell 
infiltration, was observed in glomeruli in the rats treated 
with a control IgG (Fig. 2c). At the same time point, the 
animals treated with the anti-MCAF/MCP-1 antibodies 
exhibited only a mild increase in mononuclear cells in 
glomeruli, without endocapillary proliferation (Fig. 26). 
On day 6, severe glomerular lesions developed in rats 
treated with a control IgG. In the injured renal tissues, 
endocapillary proliferation, severe necrotizing lesions, 
and crescentic formation were observed (Fig. 2e f J). The 
increase in the number of total glomerular cells was also 
observed at 3 days after NTS injection and reached a 
maximum at day 6 (Table 1). Moreover, a considerable 
number of PCNA- and EDI -positive cells infiltrated into 
glomeruli, starting at day 3 and reaching a peak at day 6 
(Table 1) as previously reported (1). The infiltration of 
CD8- positive T lymphocytes, which are characteristic of 
this model, reached a maximal level on day 3 and de- 
creased thereafter. The increases in number of total cells, 
PCNA-, and ED-l-positive cells, but not CD8-positive T 
cells, were significantly reduced by the administration of 
anti-MCAF/MCP-1 antibodies on days 3 and 6 (Table 1). 
The formation of crescentic lesions as well as necrotizing 
lesions, observed on day 6 in animals treated with a con- 
trol IgG was reduced by the administration of anti- 
MCAF/MCP-1 antibodies (Fig. 2d and Table 1). 

Electron microscopical analyses demonstrated little fu- 
sion of epithelial foot processes in the free wall of the 
glomerular capillaries from four normal rats (data not 
shown). Epithelial cell foot processes fused severely in 
all tufts, especially near infiltrated leukocytes, as exam- 
ined on day 6 in diseased glomeruli from each of six rats 
treated with the control IgG (Fig. 3u4). However, in six 
NTS-injected rats treated with anti-MCAF/MCP-1 anti- 
bodies, fusion of epithelial foot processes barely oc- 
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Figure 2. Light micrographical analysis on renal tissues. HistOpathological examination was performed using PAS-stained renal tissues obtained from 
a control rat (a), nephritic rat treated with the anti-MCAF/MCP-1 antibodies (o, d, h) or the control IgC (c, e~g) on dayB 3 (6, c) t 6 id-j), and 56 {g, h). 
Arrows in panels c, e—g indicate endocapillary proliferation, crescentic formation, a necrotizing lesion and an interstitial lesion, respectively. Arrowheads 
in panels £ and h represent glomerular sclerotic changes. Original magnification is as follows: o— c) X310; dr-h) Xl60. 
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JA Rl F 1. Inhibition of pathological changes in the early phase by anti-MCAF antibodies' 



Normal rat 



Day 3 



Day 6 



Control IgG 



anti-MCAF 



Control IgG 



anti-MCAF 



Crcscentic formation, % 


0 


15.2 ± 1.0 


7.0 ± 1.0* 


38.9 ± 5.5 


26.1 ± l-S" 


Total cell number 


553 ± 1.1 


88.9 ± 3.1 


59.6 ± 2.0 6 


136.4 ± 6.2 


103.4 ± 6Sf 


cells/gjomerulua 






2.9 ± 0.2 6 




4.7 ± 0J3? 


PCNA-positive cells 


1.8 ± 0.5 


4.1 ± 0.2 


6.9 ± 0.2 


cells/glomenilus 










9.0 ± 0J2> 


EDI -positive cells 


0.8 ± 0.1 


10.1 ± 0.2 


7.2 ± 0.1 6 


11.7 ± 0.4 


celia/gJomerultis 












CD8-positive cells 


0.2 ± 0.02 


2.7 ± 0.2. 


2.4 ± 0.1 


1.3 ± 0.1 


13 ± 0.1 


cells/glomenilus 




■> « . 









"Values are given as mean ± S£M. Statistical analyses are based on unpaired I lest and ANOVA test. *f*<0.01 t compared to control IgG-treated rata. 
€ P<0X&. -V 



curred, even though leukocytes infiltrated in glomerular 
capillaries (Fig. 3B). Collectively, these results indicated 
that the antibodies improved pathological changes ob- 
served during the early phase. \ 

On day 56, control IgG-treated animals exhibited 
marked degree of glomerulosclerosis as well as interstitial 
lesions (Table 2 and Fig. 2g). A single injection of anti- 
MCAF/MCP-1 antibodies at the start of inflammatory re- 
action significantly reduced glomerulosclerosis in this 
later phase (Table 2 and Fig. 2h) 9 suggesting the crucial 
role of MCAF/MCP-1 in the pathogenesis of this type of 

crescentic glomerulosclerosis. ... 

• » t. 

Immunohistochemical detection of MCAF/MCP-1 
protein in renal tissues 

Renal tissues from all nephritic rats on day 3 were exam- 
ined immunohistochemically for the presence of antigenic 
MCAF/MCP-1. MCAF/MCP-1 -positive cells were ob- 
served in the diseased glomeruli, vascular endothelial 
cells, and tubular epithelial cells (Fig* 44). The staining 
was specific for MCAF/MCP-1, as the polyclonal antibod- 
ies preabsorbed with recombinant rat MCAF/MCP-1 
failed to stain (Fig. 42?). Moreover, in the glomeruli from 
normal rats, MCAF/MCP-1 was not detected immunohis- 
tochemically (data not shown). These results suggested 
the local production of MCAF/MCP-1 in the process of 
NTS-induced crescentic glomerulonephritis. 



Effects of anti-MCAF/MCP-1 antibodies on the 
urinary excretion of protein and renal dysfunction* 

We finally evaluated the effects of anti-MCAF/MCP-1 an- 
tibodies on proteinuria as well as renal dysfunction. 



Twenty-eight normal untreated rats excreted minute 
amounts of protein in the urine. In contrast, all six of the 
nephritic rats treated with the control IgG excreted mark- 
edly elevated amounts of protein in the urine on days 3 
and 6. The administration of anti-MCAF/MCP-1 antibod- 
ies dramatically decreased the excreted amount of prote- 
inuria and reversed to normal levels on days 3 and 6 
(Fig. 5). Moreover, proteinuria on day 56 but not on day 
14 was improved markedly by a single injection of anti- 
MCAF/MCP-1 antibodies (Table 2). On day 56, control 
IgG-treated animals developed renal dysfunction as evi- 
denced by increased blood urea nitrogen levels and re- 
duced creatinine clearance (Ccr), as reported previously 
(1). A single adminstration of anti-MCAF/MCP-1 antibod- 
ies decreased blood urea nitrogen levels and prevented 
the reduction of Ccr significantly, inferring that the treat- 
ment could prevent also chronic renal dysfunction. 

DISCUSSION 

WKY rats developed crescentic glomerulonephritis, lead- 
ing to glomerulosclerosis with progressive renal dysfunc- 
tion by the administration of a small dose of NTS. In this 
study, we observed that the administration of anti- 
MCAF/MCP-1 antibodies completely prevented prote- 
inuria and lessened histological changes, with significant 
inhibition of M<J) infiltration in the early phase. Moreover, 
the treatment prevented glomerulosclerosis as well as re- 
nal dysfunction in the later phase. Although the antibod- 
ies used in this study was highly specific to rat 
MCAF/MCP-1, we cannot completely exclude the remote 
possibility that the antibodies showed some cross-reac- 
tivities against closely related chemokines MCP-2 and 



TABLE 2. Improvement of laboratory data and glomerulosclerosis in the later phase by anti-MCAF I MCP-1 antibodies 



Day 14 



Day 56 



Urinary protein, mg/24 h 

24 h Ccr, ml/mi n 

Blood urea nitrogen, mg/dl 

Glomerular sclerosis , index/glomerulua 



Control IgC 
98.7 ± 12.7 
1.47 ± 0.07 
21.4 ± 3.1 
0.47 ± 0,09 



anti-MCAF 
78.7 ± 26.8 

1.40 ± 0.16 
20.3 ± 3.7 
0.37 ± 0.09 



Control IgC 
173.7 ± 22.4° 
0.99 ± 0.10° 
33.2 ± 2.0 6 
0.95 ± 0.19° 



anti-MCAF 
63.5 ± 33.2* 

1.23 ± 0.08* 
24.5 ± 2.6* 
0.47 ± 0.06 6 



Values are given as mean ± SEM. Statistical analyses are based on unpaired f test or Wilcoxon signed rank test. 
*/>=0.06 compared to control IgG-treated rata. 



»f»<0.05, compared to day 14. */ > <0.05. 
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Figure 3. Representative electron micrographs of glomeruli. -Electron 
micrographics! analyses were performed on glomeruli from rats treated 
with the control lgC (4) or the anti-MCAF/MCP-1 antibodies (B). Arrow- 
heads and astericke indicate the fusion of epithelical foot processes and 
infiltrated leukocytes. Original magnification X1500. 



MCP-3. Nevertheless* these results suggested that 
MCAF/MCP-1 or its closely related chemokines may gov- 
ern the entire course of this type of crescentic glomeru- 
lonephritis. 

Infiltration of various types of leukocytes has been 
documented on human glomerulonephritis as well as ani- 
mal models (17—19). Although several independent 
groups observed that antibodies against either IL-1 or 
TNF-a prevented leukocyte infiltration as well as- jSrote- 
inuria (20), neither cytokine possessed direct chemotactic 

* * - * 

MCAF/MCP-1 IN CRESCENTIC GLOMERULONEPHRITIS . * 



activities against leukocytes (21), raising the possibility 
that an additional chemotactic factor (or factors) plays a 
role in inducing leukocyte infiltration. Renal tissue cells, 
such as mesangial cells and endothelial cells, and infil- 
trated leukocytes could both produce a potent M<J> chemo- 
tactic and activating cytokine MCAF/MCP-1 in vitro 
(6-8). Moreover, increased expression of MCAF/MCP-1 
has been documented on glomerular lesions of another 
experimental glomerulonephritis model (9— 11). Herein, 
our immunohistochemical analyses also demonstrated the 
presence of MCAF/MCP-1 in the injured kidney tissues. 
These results would imply that MCAF/MCP-1 was locally 
produced in glomeruli during the processes of renal inju- 
ries. 

Semiquantitative evaluation of deposition revealed no 
significant difference in the deposition of rabbit IgG, rat 
IgG, and rat C3 between glomeruli from rats treated with 
anti-MCAF/MCP-1 antibodies and those given a control 
IgG. Thus, MCAF/MCP-1 might be involved in the proc- 
esses after anti-GBM antibody has been deposited and 
complement system has been activated (19). 

The administration of anti-MCAF/MCP-1 antibodies 
did not completely prevent EDI -positive M<J> infiltration. 
Since this polyclonal antibody preparation potently inhib- 
its the biological activity of rat MCAF/MCP-1 (50% inhi- 
bition at about 100-fold excess molar ratio of polyclonal 
antibodies to MCAF/MCP-1) and completely prevented 
the appearance of proteinuria, it is very unlikely that the 
dose of anti-MCAF/MCP-1 antibodies was not enough to 
neutralize MCAF/MCP-1. Similarly in the case of IgA im- 
mune complex-induced lung injury model, pulmonary in- 
jury but not the increase in the M<|> number was 
completely blocked by the intravenous administration of 
anti-MCAF/MCP-1 antibodies (22). Thus, these results 
suggest the simultaneous generation of additional chemo- 
tactic cytokines, chemokines for M<|> such as MCP-2, 
MCP-3, RANTES, and macrophage inflammatory protein 
(MlP)-la, p (21). This possibility was supported by the 
facts that inflammatory stimuli including LPS, IL-1, and 
TNF-a stimulated various types of cells to produce MIP- 
la and p (21) as well as MCAF/MCP-1. 

The administration of anti-MCAF/MCP-1 antibodies 
also reduced the number of PCNA-positive cells in 
glomeruli on days 3 and 6. PCNA is a nuclear protein 
markedly up-regulated from late Gi through the M phase 
of the cell cycle (23); PCNA-positive cells are reported to 
belong to mesangial cells or CX-smooth-muscle-cell associ- 
ated protein-positive cells (24), in addition to ED- 1- posi- 
tive M<{> (25). Hence, anti-MCAF/MCP-1 antibodies might 
also affect the proliferation and/or migration of nonleuko- 
cytic cells in glomeruli. Activated M<J> could release 
platelet-derived growth factor (PDGF) and basic fi- 
broblast growth factor (bFGF), which vigorously stimulate 
mesangial cell proliferation (26). Thus, anti-MCAF/MCP- 
1 treatment might inhibit the release of mesangial cell 
proliferation factors such as bFGF or PDGF by M<J>. This 
could prevent mesangial cell proliferation and eventually 
the development of glomerulosclerosis. 
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Figure 4. Immunohistochemical examination for expression of 
MCAF/MCP-1 protein in renal tissue. Immunohistochemical analyses 
were performed on renal tissues obtained from rats treated with the control 
IgC on day 3 as described in Materials and Methods using rabbit anti-rat 
MCAF/MCP-1 polyclonal antibodies with (B) or without {A) preabaorptton 
with excess amount of rat recombinant MCAF/MCP-1. Astericks, arrow- 
heads, and an arrow indicate glomeruli, vascular endothelial cells, and 
tubular epithelial cells, respectively. Original magnification xl60. 

Several independent groups claim the significance of 
the interaction of CD8-positive T lymphocytes as well £s 
monocytes/M<{> with mesangium in the pathogenesis <h 
glomerulonephritis, particularly crescentic glomeru- 
lonephritis (1, 27). MCAF/MCP-1 has been reported to 
exhibit a potent chemotactic activity against T lympho- 
cytes in vitro (28). However, there was no significant dif- 
ference of the CD8-positive T lymphocyte numbers in 
glomeruli between the control I gG- treated rats and ant*.- 
MCAF/MCP-1 antibodies-treated rats. Thus, our results 
indicate that MCAF/MCP-1 is not a main factor in deter- 
mining the infiltration of CD8-positive T lymphocytes, at 
least in this model; rather, that MCAF/MCP-1 could in- 
duce the glomerular injury and crescentic formation via . 
the infiltration and activation of M<|>, but not CD8-positiye 
T lymphocytes. 

In contrast to incomplete inhibition of M<|> infiltration, 
anti- MCAF/MCP-1 antibodies improved renal dysfunction 
in the later phase as well as proteinuria. Electron micro- 
scopical analyses demonstrated that anti -MCAF/MCP-1 
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Figure 5. Effects of anti-MCAF/MCP-1 antibodies on urinary protein 
excretion. Results from normal rats, rats treated with control antibody, 
and rats treated with anti-MCAF/MCP-1 antibodies are shown. The 
administration of anti-MCAF/MCP-1 antibodies markedly decreased pro- 
teinuria both on days 3 and 6 (P< 0.001, respectively). 



treatment prevented the fusion of epithelial foot processes 
even in glomerular capillaries where M<{> infiltrated, infer- 
ring that anti-MCAF/MCP-1 treatment prevented 
glomerular injury almost completely. The involvement of 
lysosomal enzymes, nitrous oxide (NO), and reactive oxy- 
gen intermediates (ROI) from leukocytes has been re- 
ported to play an essential role in inducing tissue injury 
in glomerulonephritis (29). MCAF/MCP-1 has been docu- 
mented to induce release of lysosomal enzymes and gen- 
eration of superoxide anions (21) from M<|> in addition to 
chemotaxis of leukocytes. Hence, we presumed the role 
of MCAF/MCP-1 in the establishment of renal injury in 
this model as follows. Locally produced MCAF/MCP-1 at 
the early phase induced the infiltration and activation of 
M (^/monocytes, which caused renal pathology by releas- 
ing effector molecules such as PDGF, bFGF, lysosomal 
enzymes, NO, and ROI. A single injection of anti- 
MCAF/MCP-1 antibodies blocked the initial and essential 
event, the infiltration and activation of M ^/monocytes, 
and prevented the subsequent .renal dysfunction. 

This study has, for the first time, provided evidence on 
the essential roles of MCAF/MCP-1 in the chronic as well 
as the acute phase of crescentic glomerulonephritis in 
any species. Thus, the administration of an antagonist to 
MCAF/MCP-1, such as a humanized anti-human 
MCAF/MCP-1 monoclonal antibody and specific receptor 
antagonists, would be a key to future treatment of M<|>- 
dominant human glomerulonephritis, particularly chronic 
ones. frjl 

We are grateful to Dr. Naohisa Tomosugi (Kanazawa Medical Col- 
lege, Japan) for his kind advice. 
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Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS), 
characterized by accumulation of mononuclear cells. The pathogenesis of MS is complex and probably 
involves soluble immune mediators, particularly cytokines, and activated memory T cells, that are thought 
to migrate into the CNS. During lesion formation in MS, cytokines regulate cell functions, such as cell 
recruitment and migration. Because the chemokine RANTES play a role in both activating and recruiting 
leucocytes, particularly memory T celts into inflammatory sites, the authors have assessed RANTES mRNA 
levels at the site of lesions^ Expression levels were analysed in brain samples and compared with neurological, 
infectious and other controls. RANTfeS was expressed by activated perivascular memory T cells, predomi- 
nantly located at the edge of active plaques. While RANTES mRNA was detected in all 17 MS brains 
analysed, it was only found in six of the 14 control patients and generally at a lower expression level. In view 
of the regulatory and chemotactic properties of RANTES, these results imply that RANTES in MS lesions 
may play an important role in the activation and/or selective accumulation of memory T cells and, thereby, in 
the pathogenic events associated with' MS. 

DrJ. Hvas, Department of Medical Microbiology and Immunology, The Bartholin Building, University of 
Aarhus, Arhus 8000C, Denmark 



INTRODUCTION 

Multiple sclerosis (MS) is an inflammatory disease of the central 
nervous system (CNS) characterized by localized rrtyelin 
destruction [1-3]. While MS is thought to be the resujt'of an 
autoimmune attack toward myelin proteins, the aetiology and 
pathogenesis of this disease remain largely unknown [1-3]. It is 
known that at the site of demyelination, the perivascular -infil- 
trating cells consist predominantly of macrophages and CD4 + 
activated T cells secreting various cytokines [2-6]. Such acti- 
vated T cells are thought to migrate from the peripheral lymphoid 
system to the CNS via the blood-brain barrier (BBB) [7, 8]. 
Some pro-inflammatory cytokines, such as tumour necrosis 
factor-a (TNF-a) and interferon-7 (IFN-7), have been implicated 
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as important mediators of inflammation and demyelination in 
this disease [9, 10]. 

Chemokines are major regulatory proteins of leucocyte activa- 
tion and recruitment in inflammation and immunity [11—13]. 
They are subdivided into two groups, C-X-C and C-C, depending 
on whether or not there is an intervening amino acid between the 
first two cysteines [12]. The chemokines of the C-X-C class, act 
mainly on neutrophils, whereas the C-C chemokines stimulate 
mononuclear cells with various degrees of specificity. RANTES 
(regulated upon activation, normal T-cell expressed and 
secreted) is a member of the C-C class, that may have important 
biological activities in inflammatory lesions, such as those seen 
in MS. Indeed, RANTES has been shown to be a chemotactic 
factor for monocytes, unstimulated as well as activated CD4 + 
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T cells of the memory phenotype (CD45RO) that are of particular 
interest since they are known to accumulate at the sites of MS 
lesions [2, 14, 15]. Furthermore, RANTES expression has been 
observed in cultured T-cell lines that are antigen-specific and 
growth factor-dependent [16]. The cellular distribution of factors 

w 

controlling the regulation of the RANTES gene has not yet been 
extensively characterized, but it is known that the production of 
RANTES is induced in endothelial cells by TNF-a, IFN-y and 
inhibited by the T-helper 2-type cytokines interleukin-4 (TL-4) 
andIL-13 [17]. 

RANTES plays an important role in inflammatory recruitment 
leading to cell activation and directional migration of specific 
leucocyte subsets as well as contributing to the activation of 
inte grin-mediated adhesion which allows the trans-en dotbelial 
migration of inflammatory cells [1 8]. It is noteworthy that in situ 
hybridization studies have revealed that RANTES mRNA is 
present in synovial lining cells of patients with rheumatoid 
arthritis [12, 19], in delayed-type hypersensitivity reaction' [20] 
and that RANTES is involved in cell-mediated transplant rejec- 
tion [21]. A recent study of RANTES expression in the murine 
animal model of MS, experimental autoimmune encephalomye- 
litis (EAE) showed induction of this chemokine in the spinal cord 

I to 2 days before the clinical signs were apparent [22]. In the 
present study we have analysed the expression of RANTES at the 
site of lesion in 26 brain samples from 17 MS patients. RANTES 
was detected in all samples analysed and co-localized to peri- 
vascular T cells, which makes RANTES a possible candidate in 
the pathogenesis of MS by selectively attracting CD45RO T cells 
and perhaps facilitating their entry into the CNS. 

MATERIALS AND METHODS H 

Source of post-mortem tissue and blood samples. Post-mortem 
material (8-24 h old), stored at — 80°C, was obtained from the Neuro- 
immunology Laboratory Tissue Bank, La Trobe University, Victoria, 
the Monash Medical Centre* Victoria, Australia and from the ftocky 
Mountain Multiple Sclerosis Centre, Englewood, CO, USA. Our tissue 
study included 17 patients with MS, all with clinically definite MS 
according to the criteria of Weiner & Ellison [23] with a mean- age of 
61 years (range 38—81). Control tissue samples were obtained ^from 
two groups of individuals. The first one referred to as neurology and 
infectious controls (Nl) included one patient with Alzheimer's disease, 
one patient with epilepsy and one patient who died from septicaemia. 
The second group, referred to as other patient (OP) controls comprised 

I I individuals who died of miscellaneous causes including three drug 
overdoses, three motor car accidents and one each, cardiac failure, 
abdominal haemorrhage, pulmonary thrombosis, atherosclerosis and 
non-defined with a mean age of 59 years (range 26-91). Two ty£es of 
samples were tested, one, referred to as CNS tissue, included rapidly 
frozen or paraffin-embedded autopsy material from different brain 
regions; MS plaque lesions, parietal lobe, frontal loo*e, temporal lobe, 
occipital lobe, cerebellum, meninges, brainstem, spihal cord as well as 
cerebrospinal fluid (CSF). The other samples, referred to as lymphoid 
tissue, were obtained from spleen and lymph node. * 

RNA isolation and cDNA synthesis. Total RNA was extracted from 
0.1-1 g of tissue samples or from CSF (5- 1 0 ml) according to the 
method of Chomczynski & Sacchi [24]. Total RNA (0.25 Mg) was 



reverse transcribed (RT) into first strand cDNA as previously reported 
[25]. To verify the quality of the RNA and/or efficiency of cDNA 
synthesis, a preliminary polymerase chain reaction (PCR) assay was 
performed on an aliquot of the cDNA sample using oligonucleotide 
primers specific for the ubiquitously expressed gene 0-actin (Table I). 
Occasionally, the RT efficiency was estimated by measuring a^P-dCTP 
incorporation and found to be approximately 80%. To ensure both 
accuracy and reproducibility of the RT and PCR assay, large volumes 
of 'master* solutions, were initially prepared, aliquots taken and stored at 
— 80°C until required. The template and enzyme were added prior to the 
experimentation. 

PCR amplification. Five microlitres of cDNA was combined in a 50>l 
reaction volume, with 2.5 U of Amplitaq (Perkin Elmer, Glen Wavcley, 
Victoria, Australia), 5 fi\ of lOx PCR buffer I (Perkin Elmer), and 0.5 fit* 
of RANTES and 0-actin-specific oligonucleotide primers (Table 1). 
Pairs of primers were chosen so that the amplified fragment spanned 
an intron, allowing any possible contamination of RNA with genomic 
DNA to be distinguished. The specificity of the primers for the PCR 
amplification was tested according to the procedure routinely in use in 
our laboratory, Southern hybridization and sequencing [25]. 

Pre- PCR mis-priming and primers creating dimers were inhibited by 
using the hot start method [26]. The standard PCR profile used was: 
denaturation at 94°C for 30 s, annealing at 64°C for 30 s and extension at 
72°C for 45 s, for 22 cycles on a Perkin Elmer-Cetus 480 DNA Thermal 
Cycler using thin-walled tubes. For each RANTES experiment, a positive 
control using 0-actin or TNF-or primers was included and a negative 
control, which contained all test reagents, except the cDNA, was set 
up in parallel. For comparison of mRNA levels among different RNA 
samples, RT and PCR were performed simultaneously using reagents 
from a single master mix. Each sample was tested on at least three 
separate occasions by PCR and Southern blotting. 

Southern blot and computer imaging analysis. Ten microlitres of 
amplified PCR product was separated by gel electrophoresis, transferred 
onto Hybond N + membranes (Amersham, Castle Hill, NSW, Australia). 
Membranes were prehybridized for I -4 h in 5 x SSC, 1 x Denhardt's 
solution, 1 00 ^g/ ml salmon sperm DNA, 0.1% SDS, and hybridized for 
4-12 h at 60°C with 1 pmol/ml of a radioactive 32 P-labelled oligo- 
nucleotide probe specific for RANTES and/or 0-actin (Table I). Each 
membrane was auto radiographed on Kodak XAR-5 film for 1-5 days 
and/or a Phosphor Imager screen (Molecular Dynamics, Sunnyvale, CA, 
USA) for '/j-l day. An additional 2-week exposure generally failed to 
detect additional RANTES gene products. Filters probed in parallel with 
a horseradish peroxidase- label led RANTES or 0-actin probe (data not 
shown), gave a similar pattern of hybridization. Typically, several 
exposures were made for the same blot to ensure that band intensities 
were within an appropriate range for densitometric analysis. The quan- 
tification of RANTES was determined by computer imaging analysis of 
the RANTES intensity relative to the 0-actin band intensity (Fig. I). 
Southern blot results on membranes and/or on auto-radiograms (Fig. 2) 
were scanned using a Molecular Dynamics phosphor-imager or den- 
sitometer (Molecular Dynamics, Sunnyvale, CA, USA) according to the 
manufacturer's instructions. 

Semi-quantitative RT-PCR. Semi -quantitative analyses of RANTES 
mRNA levels were performed according to our standardized protocol 
where all tests are performed within the exponential range of the PCR 
reaction and are reproducible. In short, the technique has been shown 
suitable to compare the relative levels of RANTES gene expression in 
human tissue samples and can detect a minimum of a fourfold difference 
in mRNA levels between two RNA samples derived from equal amounts 
of total RNA (data not shown). Since PCR products will only reflect the 
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RANTES in Multiple Sclerosis Lesions I 97 
Table 1. RANTES, 0-actin and TNF-a primers used for PCR in this study" 



Sequences 

Primers 

RANTES 5' -CCA TAT TCC TCG G AC ACC ACA CCC TGC T-3' 

RANTES R S'-CAT CTCCAA AGA GTT GAT GTA CTC CCG A-3' 

0-actin L c 5'-GGT GAT GAC CTG GCC GTC AGG CAG CTC GTA-3' 

0-actin R 5'-AAC CCC AAG GCC AAC CGC GAG AAG ATG ACC-3' 

TNF-a \J 5'-CAG AGG GAA GAG TT CCC AG-3' 

TNF-a R 5'-CCT TGG TCT GCT AGG AGA CG-3' 

Probes 

RANTES 5'-CTA CAC CAG TGG CAA GTG CTC CAA CCC AGC-3' 

0-actin 5'-GCC CTG GAC TTC GAG CAA GAG ATG GCC ACG-3' 

TNF-a 5-TTA TCT CTC AGC TCC-3' 



° PCR amplification with the RANTES, TNF-a or 0 -act in primers, gave fragments 
of, respectively, 198, 330 and 417 base pair. 

6 The RANTES primers and probes were designed from the RANTES cDNA 
sequence, Genbank acc. no. M2*H2I [16]. RANTES L is localized on the cDNA 
sequence at position 99-123 (exon 1 and 2 boundary), RANTES R at 279-303 
(exon 3) and RANTES probe at. 179- 1 97 (exon 2). 

c The TNF-a primers and probes were from the human TNF-a cDNA sequence 
Genbank acc. no. X01394. TNF-a L match position 327-346 in the signal peptide and 
TNF-a R match position 632— 654 in exon 4 and TNF probe match position 503-5 17 
in exon 3 [41]. 

The 0-actin primers and probes were designed from the 0 -act in cDN A Genbank 
sequence M 10277 [42]. Primer positions on the spliced cDNA are 0-actin L 307-324 
(exon 2), 0-actin R 724-741 (exon 3) and the 0-actin probe 685-702 (exon 3). 
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Fig. 1. Relation between number of PCR cycles and rate of RANTES amplification. (A) Phosphor] mage r photographs of filter with 25 ng total 
RNA from MS white matter or control meninges that were reverse transcribed and amplified between 15 and 35 cycles of PCR using RANTES 
primer. (B) Schematic representation of scanning data from A, above, showing that at 22 cycles of PCR, both analysed samples are within the 
exponential phase (units in counts). 
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Fig. 2. Comparison of RANTES mRNA expression in different samples from MS patients and controls. The relative amount of RANTES PCR 
product obtained from the different samples was distinguished by size, processed by Southern blot analysis and quantified by scanning 
densitometry of autoradiograms. Each bar represents the mean of at least three experiments ± SEM. (A) Five CNS and two lymphoid samples 
from one MS patient; (B) three CNS and two lymphoid samples from a MS patient; (C) six different brain samples from a neurological control 
with epilepsy; (D) three samples from a normal control, who died from a heroin overdose. 



relative level of mRNA when other experimental variables, such as 
efficiency of RT, amplification, etc., are equalized, each experiment was 
designed and performed in such a way that the different samples; to be 
compared were RT and amplified at the same time using aliqUots of 
reagent from the same master mix. In order to quantify the RANTES 
mRNA expression, the amount of radioactivity on the filters or the 
density of bands on the autoradiogram was plotted against the template 
concentration and/or the number of PCR cycles to select reaction 
conditions within the exponential phase that are linear (Fig. '!"). The 
relative value of RANTES expression was calculated from the phos- 
phorimager scanning value of RANTES divided by the value of 0-actin 
from the same experiment and lane on the scanned filter and multiplied 
by 100 to give relative percentages. The means were calculated by 
adding up values from several experiments and dividing the sum by the 
number of experiments. 

In situ hybridization. In situ hybridization on formal in -fixed, paraffin- 
embedded tissues of cerebrum, cerebellum and brainstem was performed 
as described by Coghlan et al. [27], using oligonucleotide probes labelled 
with [ 35 S]dATP. Multiple sections from the different area of two MS and 
two control brains were analysed. Briefly, 25pmol of oligonucleotide 
probe was end-labelled with 25/iCi [ 33 S]dATP (Du pont, North *Ryde, 
NSW, Australia) using 25 units of terminal transferase (Boehringer 
Mannheim, Castle Hill, NSW, Australia) in 20 fi\ of the manufacturer's 
reaction buffer, 6.25 mM C0CI2, then incubated at 37°C for 1 h. Then, 
3.3 nCi of labelled probe in 1 00 /it hybridization buffer was added to 
each tissue section analysed, and incubated overnight at 37°C with 
coverslips. Control-sense, non-sense, and positive anti-sense" oligo- 
nucleotides were used. The sequence of the RANTES and TNF-ofanti- 
sense probes is shown as TNF-a R and RANTES R primers in Table 1 . 
Sections were stained with haematoxytin and eosin. Routinely, duplicate 
sections were made and one set was developed after 1 week -and the 
second after 2-6 weeks. 



Jmmunohistochemistry. Formalin-fixed, paraffin-embedded tissues of 
cerebrum, cerebellum and brainstem were cut at 4 fim thickness and 
immunostained with DAKO antibodies to UCHL1 (clone CD45RO), 
CD68, L26 (clone CD20) (Oako Corporation, Carpi nteria, CA, USA) 
and glial fibrillar acidic protein (GFAP) (Dako Corporation) according to 
the manufacturer's guidelines. Parallel sections were also stained with 
haematoxylin, eosin and Luxol fast blue. 

RESULTS 

RANTES expression in MS brains 

Preliminary ELISA analysis of sera from MS patients, showed 
more than double the amount of RANTES compared to healthy, 
normal donor sera, (mean 120ng/ml, range 50-210ng/ml, 
n = 1 6) (data not shown). To determine whether the chemokine 
RANTES mRNA was specifically expressed in MS patients at 
the site of lesions, we performed PCR analysis on brain samples 
obtained from 17 MS patients, from 11 OP controls and three 
NI patients (Table 2). RANTES mRNA was detected in all the 26 
samples obtained from the MS patients. In contrast such tran- 
scripts could only be detected in four out of the 1 8 samples (22%) 
of the OP control and in five out of the 12 (42%) brain samples 
from the Nl controls group (an epilepsy, an Alzheimer's disease 
and a septicaemia patient) (Table 2). Of these five positive 
samples from the Nl group, two were from the patient that 
died from septicaemia and two were from the patient with 
epilepsy. All four samples known to contain T cells [25, 28]. 

Having demonstrated that RANTES mRNA could not only be 
detected in MS brain, but also in some control brain samples, we 
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Table 2. Relative expression of RANTES mRNA 



Table 2. Continued 



Brain tissues 



Mean* (%) f "5EM 



MS 



WM* 


OO.J 3 U- 1 


WM 


53.4 ± l.p 


Meninges 


43.5 ± \.5 


WM 


20.0 ±3,4 


WM 


18.3 ± 0.0 


Occipital 


* 16.3 ± 1.3 


WM 


10.6 ± 0.3 


WM Cerebellum 


10.6 ± 0.6 


WM 


9.5 ± 0.5 


WM Parietal 


O.i — U<4 


WM Brainstem plaque 


7.1 ± 0.1 


WM 


7.1 ± 0.8 


WM plaque 


6.0 ±1.0 


Parietal 


5.4 ± 0.3 


Frontal plaque 


5.3 ± 1.1 


Spinal cord 


5.0 ± 0.9 


Frontal plaque 


3.5 ± 0.3 


Occipital 


3.5 ± 0.9 


Spinal cord 


3.3 ± 0.5 


Frontal lobe 


3.J ± 0.6 


Temporal lobe 




WM 


2.8 ± 0.2 


Spinal cord 


2. 1 ± 0.0 


Temporal lobe plaque 


1 .3 ± 0.2 


Grey matter 


1.3 ±0.6 


Plaque (old) 


0.6 ± 0.0 



Neurological and infectious controls 

EPI 

Parietal 

Occipital 

Occipital 

Occipital 

Temporal 

Frontal 
ALZ 

Frontal 

Brainstem 

Cerebellum 

Occipital 
SEP 

WM 

Meninges 

Other patient controls 

Parietal 

Temporal 

Temporal 

Parietal 

Frontal 

Parietal 

Frontal 

Temporal 

Occipital 

Parietal 



9.1 : 
0.0 : 
0.0 : 
0.0 : 
2.1 : 
0.0 

0.0 
0.0 
6.5 
0.0 

7.4 
2.5 

8.9 

4.6 

4.5 

4. J 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 



0.1 

0:0 
0.0 

ao 

0,3 
0.0 . 

0,0 
Q.O 

i.4 

0.0 

1.1 

0.5 
1.0 

as 

0.1 
0.7 
0.0 

:0J0 
: GfcO 
: 0.0 
: 0.0 
:1>.0 



Brain tissues 


Mean 0 (%) ± SEM 


Parietal 


0.0 ± 0.0 


WM 


0.0 ± 0.0 


Occipital 


0.0 ± 0.0 


Frontal 


0.0 ± 0.0 


WM 


0.0 ± 0.0 


WM frontal 


0.0 ± 0.0 


Occipital 


0.0 ± 0.0 


Occipital 


0.0 ± 0.0 



°Mean of RANTES mRNA relative to 0-actin, of at least three 
experiments. 



WM, white matter. 



next examined if the level of RANTES mRNA expression, was 
higher in MS than in control subjects. As a prelude for these 
studies we first assessed the validity of our PGR method to 
quantitatively measure the level of RANTES mRNA in a variety 
of samples. For this we asked whether: first, the quantification is 
affected by the number of PCR cycles; second, if the quantifica- 
tion is linear with respect to the amount of mRNA present; and 
finally, if the method is reproducible. As shown in Fig. 1, 22 
cycles of PCR with 25 ng total RNA were found to be optimal 
to fulfil this set of criteria for RANTES and 0-actin (data not 
shown). Using such experimental conditions, a higher expression 
of RANTES mRNA in this MS white matter was found as 
compared to that in a control meninges as exemplified in Fig. 1. 
Levels of RANTES mRNA expression fluctuated within, as well 
as between, MS and control patients (Table 2). Among the 26 MS 
brain samples examined, the expression of RANTES mRNA 
relative to j3-actin expression range from 0.6% to 66.3%, with a 
mean of 13.8% (Table 3). This is in contrast to the results 
obtained with the two control groups where the maximum 
relative levels were 9.1% (mean 2.4%) and 8.9% (mean 1.1%) 
for the NT and other patient controls, respectively (Table 3). 

Relative expression of RANTES mRNA in different MS brain 
regions 

In order to determine whether the large variation in levels of 
RANTES mRNA observed between patients could be due to the 
type of brain tissue examined, we assessed the level of RANTES 
mRNA in different regions of the brains as well as different 
plaques sampled from the same patients (Fig. 2). When possible, 
the expression of RANTES in different brain regions was also 
compared to that of the corresponding CSF and/or lymphoid 
tissues (Fig. 2). As illustrated in Fig. 2 A and B, no clear 
association could be found between the level of RANTES 
expression and the type of brain tissue sampled. For example, 
in the MS patient OCA (Fig. 2A) the highest expression of 
RANTES was found in the CSF, while the two plaques only 
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Table 3. Relative expression of RANTES mRNA in brain and lymphoid tissues 0 



Tissue 



MS' 



Nl controls** 



CNS 



Lymphoid 



CNS 



Lymphoid 



OP controls* 



CNS 



Lymphoid 



Maximum 
Minimum 
Mean ± SEM 



63.3% 
0.6% 

13.8% ± 15.8 



2.6% 
0% 

0.5% ± 0.9 



9.1% 
0% 

2.4% ± 3.3 



20.8% 
0% 

10.1% ± I I 



9.9% 
0% 

1.1% ± 2.5 



0% 
0% 
0% 



° RANTES mRNA expression in % relative to the expression of /3-actin. 

*The data are based on 26 CNS and 12 lymphoid samples from 17 MS patients. 

'*N1 (neurological and infectious) controls included: Alzheimer's disease (1), epilepsy (1) and septicaemia (1), where the CNS 
and lymphoid data were based on 30 and six samples, respectively. 

rf The data from OP (Other patient) controls were based on 5 1 CNS and six lymphoid samples from 1 1 patients (Table 2). 



showed moderate levels of this chemokine, with no detectable 
transcripts in lymph nodes and spleen (f ig. 2A). 

While differences were observed when multiple areas of the 
same MS brain were analysed, no correlation witji the expression 
levels of RANTES mRNA could be made on the basis of sex, 
duration of disease, or the region of brain analysed. Tn the OP 
and Nl control groups, the expression level of RANTES was 
generally low and only localized in limited areas of the . brain 
(Fig. 2C & D). 



plaques (data not shown). Chronic plaques showed well demar- 
cated areas of demyelination with few, if any, residual macro- 
phages or astrocytes and replacement gliosis. Perivascular 
CD45RO T cells were still present but not as prominent as in 
the more active areas (Fig. 3F). In situ hybridization with 
[ 35 S]dATP labelled RANTES oligoprobes (Table 1) revealed 
that RANTES mRNA localization was within perivascular 
T cells (Fig. 3A & B). This appeared more prominent at the 
active edge of the plaque than within chronic areas (Fig. 3A & B). 



Localization of RANTES in MS brain 

Having demonstrated that RANTES can be consistently detected 
in different regions of the MS brains, we next tried to detetfnine, 
using immunohistochemistry and in situ hybridization, if 
RANTES expression was associated with a specific cell type 
within the inflammatory lesion (Fig. 3). For this, we analysed 
multiple brain samples from two MS patients dnd two controls. 
Both controls brains did not show RANTES expression in any 
of the analysed areas and one of the MS patients, a long-term 
chronic case of MS, showed a very low RANTES expression in 
one plaque (data not shown). Tn contrast a MS patient, who died 
from chronic progressive MS 2 years after diagnosis and where 
the routine immunohistochemistry indicated the presence of 
multiple plaques throughout the cerebrum, cerebellum and brain- 
stem, showed RANTES expression in several plaques (Fig. 3A 
& B). The age of the plaques varied, as indicated by the macro- 
phage and astrocyte activity. Several of the plaques showed 
active demyelination, as confirmed by the loss of Luxol fast blue 
staining, and the presence of plump macrophages immunqstain- 
ing with CD68 containing myelin debris and reactive astrocytes 
immunostaining with GFAP (data not shown). Prominent peri- 
vascular T cells of the CD45RO subtype were*presentMn*these 
active plaques, as determined by staining with UCHL1 (Fig*. 3E). 
Only occasional perivascular B cells immunostained witb L26 
were seen (data not shown). Within some chronic plaqups, an 
active edge was apparent, which by in situ hybridization showed 
macrophage expression of TNF-a as found in all non-chronic 



DISCUSSION 

Tn this study we describe, for the first time, the presence of 
RANTES mRNA in MS brains. 

RANTES is a potent chemoattractant, especially to activated 
T-helper cells of the memory type which are believed to play a 
crucial role in both MS and in EAE, the animal model of MS 
[2, 29, 30]. Other chemokines are found to be up-regulated in 
wound healing [31 ], atherosclerosis [32] and rheumatoid arthritis 
[33], while RANTES is more likely to be involved in chronic 
inflammation or allergic late-phase reaction [34, 35], 

RANTES was detected in all the 26 brain samples analysed by 
PCR from 17 MS patients. Quantitative RT-PCR was used in the 
present study to examine levels of mRNA coding for RANTES in 
various tissue samples. The expression levels of RANTES 
mRNA in MS brain were significantly higher than in controls, 
in some white matter samples (Table 3). On the basis of the 
results presented in Table 2, it would appear that the expression 
of RANTES in MS brain samples can be arbitrarily grouped into 
three levels; High expression (30-40%), more frequently found 
in some white matter samples; medium expression («I0%), 
observed in most plaque and white matter samples; and low 
expression («=5%), seen in other brain or spinal cord samples. 
All samples used in the PCR analyses had been characterized 
macroscopically and thus small plaques may have, occasionally, 
gone undetected. This might explain the relative high expression 
in some white matter samples with no visible plaques. Indeed, 
our in-situ study showed that the RANTES mRNA is mainly 
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Fig. 3. Prominent RANTES mRNA expression in perivascular lymphocytes in the active lesions of a MS brain. (A-D) In situ hybridization 
with [ 35 S]dATP-labeled RANTES mRNA oligo probes in MS brain. (A) Active edge of a MS plaque; (B) old plaque area, gliotic, inactive, 
periventricular area of a MS plaque; (C,D) negative controls using sense RANTES probes on active and inactive MS plaques, respectively; 
(E,F) immunostaining with CD45RO, clone UCHL1, of active new areas of plaque and older areas with gliosis, respectively (areas arc the same 
as above). Counterstaining with haematoxylin and in (A)-(D) alsp eosin; magnification xtOOO. 



expressed at the edge of active plaques (Fig- 3). Studying the 
expression of RANTES mRNA by in situ hybridization not only 
confirmed our PCR findings, but also demonstrated the relative 
low frequency of RANTES-transcribing cells -in the brain, all 
of which have the phenotype of T cells. Preliminary in situ 
hybridization data of RANTES mRNA in MS brain by Woo<Jroofe 
et al. gave a similar expression pattern [36]. In addition, our 



preliminary data showed that another C-C chemokine macro- 
phage inflammatory protein (MlP)-lor was also predominantly 
expressed at the active plaque edge but strictly by endothelial 
cells (data not shown). 

Since this in situ hybridization technique is not as sensitive as 
PCR it was not possible to detect any RANTES expression in the 
two control brains analysed. The reason for the expression of 
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RANTES mRNA in the control brains is not clear, but could 
perhaps be the result of a general inflammation or infecti&i as 
indicated by relatively high levels of RANTES expression ii the 
lymphoid tissues of such patients. However, low levels of 
RANTES have been detected in normal human peripheral 
blood lymphocytes and are known to be involved in activation 
and trafficking of lymphocytes [15, 37]. -;: 

An important question raised by our findings is whether of not 
RANTES is directly involved in the demyelinating process, or 
merely recruits non-myelin-specific T cells, trafficking into the 
CNS, as a consequence of BBB breakdown. During an .$cute 
attack of MS, the predominant pattern of cytokine secretion 
resembles that of T-helper 1 cells (i.e. IFN-7 and TNF-o)' [38], 
IFN-7 stimulates RANTES gene expression in macrophages 
[19], whereas TNF-or stimulates RANTES gene expression in 
fibroblasts, mesangial cells, and renal epithelial cells [17, 1$ % 39]. 
Our co-localization of RANTES mRNA with TNF-a and MIP- 
la in mainly active plaques in serial sections, together with the 
general expression of RANTES mRNA in MS brains, would 
suggest that RANTES participates in the attraction of appropriate 
autoreactive T-cell subsets into the lesion. In this context, it 
is particularly relevant to note that a recent analysis of human 
T-cell migration in a chimeric severe combined immuno- 
deficiency disease (SCID) mouse model reconstituted with 
human T cells revealed RANTES induced T-cell infiltration 
into sites of RANTES injection [15, 40]. In addition, evidence 
that RANTES plays an important role in CNS inflammation has 
recently been demonstrated in mice with EAE [22]. In this study, 
aimed at defining the profile of chemokines and their respective 
role in the inflammatory process occurring during EAE, ir/jwas 
shown that RANTES mRNA was elevated jus Aefore the onset 
of clinical signs of paralyses and reaches a maximum level at the 
peak of the clinical symptoms. This suggest that RANTES is able 
to recruit the specific leucocytes needed for disease expression. 

In view of the extraordinary ability of RANTES to attract 
specific T-cell subsets, this molecule may have an important role 
in conditions where T cells predominate, such as in autoimmune 
diseases, certain neoplasms, and chronic inflammatory condi- 
tions. Indeed, if the actions of the RANTES cytokines in vivo 
mirror those exhibited in vitro, they may mediate essential 
processes in lymphocyte trafficking through their ability to 
target distinct subsets of immune effector cells. As we learn 
more about the expression of RANTES and other chemokiiJes in 
early and late stages of this disease, it should become possible to 
design appropriate forms of intervention, including therapy by 
implantation of chemokine genes. Furthermore, investigation of 
these molecules and their properties could provide key insights 
into basic immune function and lead to advances in the clinical 
manipulation of autoimmune disorders, cancer, atherosclerosis, 
acquired immune deficiency syndrome and chronic inflammation. 
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SUMMARY 

About 50% of the mononuclear cells in the perivascular lesions in the central nervous system 
(CNS) of rats suffering from experimental allergic encephalomyelitis (EAE) are blood-borne 
macrophages. In this study we investigated the role of these macrophages in different variants of 
EAE, using a liposome-mediuted macrophage depletion technique. Intravenously injected lipo- 
somes containing dichloromethylene diphosphonate (C1 2 MDP) are ingested by macrophages and 
cause temporary and selective elimination of these cells. Macrophage depletion during EAE 
induced by a T cell line specific for myelin basic protein (MBP; T cell-EAE) suppresses 
development of neurological signs of EAE. T cell-EAE with pronounced demyelination as 
induced by an additionally injected MoAb directed against myelin oligodendrocyte glycoprotein 
(MOG) was also significantly ameliorated after macrophage depletion. During chronic relapsing 
EAE (CR-EAE) the occurrence of relapses was prevented or suppressed, provided that the 
liposomes were injected before the initiation of a putative relapse. A chronic progressive course 
of CR-EAE was not modified by CJ 2 MDP containing liposome treatment. Histologic examination 
of the CNS of liposome- treated animals confirmed decreased infiltration of macrophages into the 
parenchyma in the rats with T cell and AD-EAE, whereas T cells were still present. 

Keywords experimental allergic encephalomyelitis macrophage dichloromethylene 
diphosphonate liposomes demyelination 



INTRODUCTION 

Experimental allergic encephalomyelitis (EAE) is an ex peri- 
mental autoimmune inflammatory condition of the central 
nervous system (CNS) that serves as a disease model fox 
multiple sclerosis (MS) [1]- Adoptive transfer studies estab- 
lished the importance of T lymphocytes in the generation of 
clinical EAE (2,3]. However, during the effector phase of the ; 
disease, encephalitogenic T cells recruit blood-bome macro- t 
phages into the lesion sites [4], Also active plaques of MS are * 
characterized by impressive numbers of macrophages that are 
mainly located in areas of ongoing demyelination (mean ratio T i 
cells : macrophages = 23 : 527) [5], 

Proinflammatory effector molecules secreted by macro- 
phages can open the blood-brain barrier, attract and activate 
other immune competent cells, and damage myelin [6). In 
addition, macrophages are considered to be important in 
CR3- and Fc receptor-mediated phagocytosis of myelin [7,8]. 

Correspondence: lege Huitinga, Dept. of Cell Biology and 
Immunology, Faculty of Medicine, Vrije Univtraiteit, Van der 
Bocchorstslraat 7, 1081 BT Amsterdam, The Netherlands. 



Therefore, modulation of the activities of macrophages that 
invade the CNS during EAE and MS could offer an interesting 
approach to reducing tissue damage and demyelination. 

In a previous study we have shown that depletion of 
macrophages using dichloromethylene diphosphonate (0 2 MOP) 
encapsulated in liposomes suppresses actively induced acute 
EAE (A-EAE) almost completely [9]. C] 2 MDP-containing 
liposomes are ingested by macrophages, and high concen- 
trations of intracellularly released C1 3 MDP kill the cell (10]. 
Free circulating CljMDP is not toxic and has a half-life in the 
order of minutes [11]. Cl 2 MDP-containing liposomes cause 
transient and selective elimination of macrophages in the 
spleen and the liver and of monocytes in the circulation 
[10,12,13]. Therefore, the previously reported suppression of 
A-EAE after macrophage depletion might also be due to 
interference with peripherally located macrophages which 
presumably have an initiating role in antigen processing and 
presentation to T cells, rather than to interference with macro- 
phages as effector cells in the CNS: To bypass this problem we 
now depleted macrophages during EAE induced by myelin 
basic protein (MBP>specific T cells (T cell-EAE) (14). 
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Although limited demyelination occurs during A-EAE and 
T cell-EAE [ 1 5], clinical signs during this acute and monophasic 
form of EAE are mainly attributed to oedema [16,17]. To study 
the role of macrophages in demyelination in EAfc, we elimi- 
nated macrophages J u ring a hyperacute dcmyelinating form of 
T cell-EAE as induced by injection of MBP-specific T cells 
followed by a MoAb directed against myelin oligodendrocyte 
glycoprotein (MOG) (AD-EAE) [1 8.19]. 

Furthermore, to mimic the situation of MS more closely, 
the role of macrophages in the generation of clinical relapses 
during low dose cyclosporin A (CsA)-induced chronic relapsing 
remitting EAE (CR-EAE) was studied [20]. The clinical course 
of CR-EAE closely resembles that of MS. The pathological 
findings in the brain and spinal cord of rats with CR-EAE, for 
example, the composition of the perivascular mononuclear cell 
infiltrates and the extensive demyelination [21], are also similar 
to those found in MS [20]. 



MATERIALS AND METHODS 

Animals 

Male Lewis rats were obtained from the Zentralinsitut fur 
Versuchstierzucht (Hannover, Germany), and kept under 
standard laboratory conditions, with water and food avail- 
able ad libitum. The animals weighed approximately 200 g 
at the time of EAE induction. Experiments were carried out 
with the approval of the responsible Bavarian government 
authorities. 

Induction of EAE 

T cell-EAE. An MBP-specific T cell line was derived from 
the popliteal lymph nodes of a Lewis rat immunized with 
guinea pig MBP in Freund's complete adjuvant (FCA) into 
the hind foot pad 10 days before, and established as described 
for a P 2 -specific T cell Hne [14]. Before transfer T line cells were 
activated as follows: 3 x )0 5 /ml T cells were incubated with 
1-5 x 10 7 /ml freshly isolated irradiated (30 Gy) syngeneic 
thymocytes as antigen-presenting cells in the presence of 
guinea pig MBP (20/ig/ml). After 72 h activated T cell blasts 
were isolated by centrifugation on Ficoll (Nyegaard & Co, 
Oslo, Norway) gradients. Blasts from the interface were washed 
twice. EAE was transferred to naive Lewis rats by injection of 
4 x 10 6 MBP-specific T blast cells in I ml 0-9% NaCI into the 
tail vein. 

AD- EAE. T cell-EAE was induced as described above. 
Anti-MOG MoAb was synthesized by the hybridoma cell line 
8-18C5, and was produced and purified as described [16,19], 
The MoAb was injected intraperitoneal ly on day 3 after the 
injection of encephalitogenic T cells in a volume of 1 ml PBS at 
a dose of 25 mg/kg body weight 

CR-EAE. Rats were actively immunized by a single sub- 
cutaneous injection of 80 /il guinea pig spinal cord (GPSQ 
emulsion in one hind foot pad. This emulsion consisted of the 
following ratio of components: 1 g GPSC homogenized in 1 ml 
saline, to which lOmg Mycobacterium tuberculosis H37 RA 
(Difco Labs, Detroit, MI) in 1 ml FCA (Difco) were added. A 
chronic relapsing remitting course of the disease was induced 
by subcutaneous low dose injections of CsA (Sandoz, Uden, 
The Netherlands; 2 mg/kg bodyweight) on alternate days from 
day 0 until day 22 after immunization [20]. 



Clinical assessment 

Rats were weighed and examined daily for the development of 
i neurological signs. Clinical signs of T cell-EAE and AD-EAE 
were scored on a scale from 0 to 5: 0, no clinical signs; 1, loss of 
tip-of-tail reflex, or complete loss of tail tonus and unsteady 
I gait; 2, paresis of the hind legs; 3, complete paralysis of the hind 
legs; 4, paralysis of the complete lower part of the body; 5, 
death due to EAE. Clinical signs of CR-EAE were scored on a 
' scale ranging from 0 to 1 1 : 0, no clinical signs; 1 , partial loss of 
tail tonus; 2, complete loss of tail tonus; 3, weakness of hind 
limbs; 4, partial paralysis of hind limbs; 5, spastic paresis of 
hind limbs; 6, complete paralysis of hind limbs; 7, paralysis up 
' to the diaphragm; 8, paralysis of the fore limbs; 9, head held 
; sidewise; 10, rotation movements; 1 1, death due to EAE. 

Preparation of liposomes 

Multilamellar mannosylated liposomes constructed of phos- 
phatidylcholine, cholesterol and mannose were prepared as 
described before [9]. Briefly 70*9 mg phosphatidylcholine and 
10-8 mg cholesterol (Sigma Chemical Co., St Louis, MO) 
were dissolved in 10 ml chloroform, and added to 3-6 mg 
/vamiaophenyl-a-D-rnannopyranoside (Sigma) dissolved in 
2 ml methanol. This was put into a 500-ml round- bottomed 
( flask, and dried in vacuo on a rotary evaporator to form a film. 

Subsequently the dried film was dissolved in 10 ml of chloro* 
- form and dried again. The total amount of lipids in the film 
, was 140/rniol. The molar ratio of phosphatidylcholine: 
cholesterol: mannoside » 7:2: 1 was chosen according to 
Umczawa & Eto [22]. To prepare PBS liposomes, 10 ml of 
PBS (0-15 m NaCl in 10mM phosphate buffer pH7-4) were 
added to the dried film, and the bottom flask was rotated until 
the lipid film was dispersed into liposomes; to incorporate 
C1 2 MDP into the liposomes, 2-5 g Cl 2 Mpp (maximum soluble 
= amount; a gift of Bo eh ringer, Mannheim, Germany) were 
> added to the 10ml PBS. The preparations were held for 2h at 
, room temperature and sonicated for 3 min at 20°C in a sonicor 
(50 Hz) and kept at room temperature for another 2h or 
overnight at 4°C. The liposomes were centrifuged at 100 000 £ 
for 30 min and finally resuspended carefully in 4 ml PBS. 

Treatment 

Experiment A. T cell-EAE was induced in 14 Lewis rats. 
Rats were injected intravenously with 2 ml of either Q 2 MDP 
liposomes (n = 7, treatment group) or PBS liposomes (n = 7, 
control group) 1 and 3 days after injection of the MBP-specific 
T cells (post-transfer (p.t.)), ic just before the expected 

v manifestation of clinical signs. Six animals per group were 
killed for histological evaluation 7 days after the injection of 

; the MBP-specific T cells. 

Experiment B. AD-EAE was induced in 14 Lewis rats. The 
MoAb directed against MOG was injected intraperitoneally 3 
days p.t. Rats in the treatment (n = 7) and control (n = 7) 
group were injected with liposomes as described above at days 1 
and 3 p.t. Animals were killed at day 7 p.t. for histological 
investigation. In case of very severe EAE animals were killed 
for ethical reasons; if so a matching rat in the parallel group was 
killed too, to make possible histological comparison between 
groups on the same day p.t. 

Experiment C. CR-EAE was induced in 15 Lewis rats. Rats 
were treated either with C1 2 MDP liposomes (« = 7, treatment 
group) or PBS liposomes (n — 8, control group) at days 21 and 
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23 after immunization (a.i.). Timing of liposome injection was 
based on earlier data on the mean day of onset of the first 
relapse (day 23 a.i.) [20]. At both days 29 and 39 after 
immunization, three animaJs of either group were killed for 
histological evaluation. 

Statistical analysis 

The significance of differences in clinical signs of EAE between 
two groups was analysed using a x 2 test. Differences in day of 
onset of clinical signs of EAE, as well as differences in weight 
loss between two groups, were analysed using the Wilcoxon 
rank sum test. 

Immunocytochemistry 

Animals were killed by an i.v. injection of 0*5 ml Nembutal 
(Algin B.V., Maassluis, The Netherlands). Brain, spinal cord, 
and spleen were dissected, frozen in liquid nitrogen and stored 
at — 20°C or — 70°C. Serial cryostat sections of 10/xm were cut, 
picked up on glass slides and dried in a container with silica gel. 
Immunocytochemistry was applied after acetone fixation to 
examine cellular infiltrates in the CNS and efficacy of macro- 
phage elimination by 0 2 MDP liposomes in the spleen. The 
following murine MoAbs were used: anti-pan-T cell (OX- 19), 
anti-MHC class II (OX-6), both from Serotec (Oxford, UK), 
and anti-rat macrophages (EDI and ED2). ED] recognizes a 
lysosomal membrane-related antigen in all rat macrophages, 
and ED2 recognizes an adhesion* related antigen on resident rdt 
macrophages [23]. EDI and OX 19 were biotinylated using 
btotin-N-hydroxysuccinimide ester (biotin-NHS; Zyxned, San 
Francisco, CA) in a molar ratio of biotin-NHS: 
MoAb = 80:l. As detection system, peroxidase-conjugated 
rabbit anti-mouse IgG or peroxidase-conjugated avidin (both 
from DakOt Titburg, The Netherlands) was used. Antibodies 
and conjugates were diluted in 0 01 M PBS with 0*2% bovine 
serum albumin (BSA; Organon Technika, Oss, The Nether- 
lands) and used in dilutions between 1 : 100 and 1 : 500. All 
incubations were carried out horizontally at room temperature. 
After incubation with the first antibody for 45 min, the slides 
were rinsed in PBS, incubated in conjugate with I % normal 
rat serum for 30 min, and washed again in PBS. Peroxidase 
activity was demonstrated after incubation with 0 5 mg/ml 3,3 - 
diaminobenzidine-tetra-hydrochloride (DAB; Sigma) in 0-05 M 
Tris buffer pH 7-6, containing 0 03% H 2 0 2 for 10 min. Sections 
were lightly counters: ained with hacmatoxylin. 



RESULTS 

Experiment A: macrophage depletion during T cell' EAE 
Mean onset of clinical disease was 3*1 ±0-4 days post-EAE 
induction in the case of control liposome-treated animals, and 
4-0 ±0-0 days post-EAE induction in the case of C1 2 MDP 
liposome treatment {P < 0 0 J; Fig. 1). PBS liposome-treated 
animals all developed paresis or paralysis of the hind limbs 
(score 2 and 3). In contrast, affected hind limbs were not 
observed in the GjMDP-treated animals. Tail tonus, how- 
ever, was diminished for 1 or 2 days in the treated animals. 
Based on the incidence of hind limb paresis, the CI 3 MDP 
liposome-treated animals were significantly less severely 
affected than the PBS liposome-treated animals (P < 0 003). 
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Fig. 1. Experiment A: effect or two i.v. injections (arrows) of dlchlor- 
omc thy lent diphosphonalc (C1 2 MDP) or PBS containing liposomes on 
clinical expression of T cell experimental allergic encephalomyelitis 
(EAE). Liposomes were injected 1 and 3 days post-transfer (p.t.). 
Clinical signs were scored as indicated In Materials and Methods. 
Shaded areas in grade 1 indicate loss of the tip-of-tail reflex* whereas 
a black box in grade 1 indicates complete loss of the tail tonus. Based on 
the incidence of score 2, the treated animals were less severely affected 
(P < 0 003). End of line on the time-axis of each rat indicates that the 
animal died due to EAE (score 5) or that the animal was killed for 
histology. 



Weight loss during clinical EAE was significantly less in the 
C1 2 MDP liposome-treated rats (/* < 0 05) compared with 
control animals (data not shown). 

Experiment B: macrophage depletion during AD- EAE 
The effect of liposome treatment on AD-EAE is shown in Fig. 2. 
Clinical disease in control animals developed severely after the 
injection of the anti-MOG MoAb beginning on day 3*7 ± 0*5 
p.t. At 5 days p.t., 4/7 of the control rats had completely lost the 
mobility of hind limbs (score 4). Two of these rats died due to 
EAE (score 5), whereas the other two rats were killed at day 5 
p.t. because of severity of disease. In comparison, rats which 
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Fig. 2. Experiment B: effect of two i.v. injections (arrows) of dichlor- 
ouiethylene diphosphonate (C3 2 MDP) or PBS containing liposomes on 
clinical expression of AD-EAE. Liposomes were injected on days 1 and 
3, and the myelin oligodendrocyte glycoprotein (MOG) MoAb was 
injected 3 days post-transfer (p. l.)- Based on the incidence of score 4, the 
differences between treated rats and controls were statistically signifi- 
cant (P<Q-Q2). e. Killed for ethical reasons. Other details are as 
described in the legend of Fig. 1- 



had been treated with C1 2 MDP liposomes were much less 
afFect ed. Clinical disease in these animals started 4-0 ± 0*0 
days p.t. Although one animal died due to EAE, no paralysis 
up to the diaphragm was seen (score 4) in any of the treated 
rats. Statistical analysis based on incidence of score 4 showed 
significant difference between treated and control group 
(P < 0 02). Weight loss was impressive in the controls, but 
treatment reduced weight loss considerably (P < 0*01) from 
day 4 onwards (Fig. 3). 

Experiment C: macrophage depletion during CR-EAE 
The effect of liposome treatment on CR-EAE is shown in Fig. 4. 
Animals of the control group developed either chronic relap- 
sing remitting EAE (6/8 rats) or chronic progressive EAE (2/8 
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Fig. 3. Weight loss during AD-EAE treated with dichJoromethylene 
diphosphonate (C1 2 MDP) liposomes. Weight is given in percentage of 
that on the day of EAE induction (1 1 < s.d. < 4-9, n = 7 until day 5 
and n *- 3 at days 6 and 7 post-transfer (p.t.)). * Difference between rats 
treated with Cl 2 MDP-contajning liposomes is significant (J* < 0-01). 
O, C3 2 MDP liposomes; *, PBS liposomes. 



tats). In the treatment group the C1 2 MDP liposomes either 
prevented or suppressed the clinical severity of the first relapse 
Very efficiently (5/7 rats). Based on the number of animals with 
a score of at least 4 during a second attack, the difference was 
significant {P < 0006). Interestingly! clinical signs were not 
suppressed by Cl 2 MDP-containing liposomes in the two rats 
showing a chronic progressive course (2/7). 

Histological investigations 

Histological examination of the spleens of all CfeMDP lipo- 
some treatment groups showed effective elimination of macro- 
phages (not shown). 

The CNS of control rats with T cell -EAE (experiment A) 
revealed multiple lesions containing both macrophages and low 
numbers of T cells. The effect of macrophage depletion was 
evident in the decline of ED2 + macrophages in the meninges of 
Cl 2 MDP liposome-treated animals (not shown). The CNS of 
these rats occasionally also showed lesions with striking dense 
accumulations of I a -positive mononuclear cells in the blood 
vessels and within the Virchow-Robin space (Fig. 5a). This 
phenomenon was characteristic of C1 2 MDP liposome-treated 
animals; the multiple rows of tightly accumulated cells con- 
sisted of EDI * macrophages as well as OX-19 + T cells (not 
shown). In control rats, such accumulations were smaller and 
rarer (Fig. 5b). Margination of leucocytes Within vessels of 
CI 2 MDP liposome-treated rats was confined to inflamed blood 
Vessels in the CNS. Within the Cl a MDP liposome-treated 
animals small numbers of macrophages were still present 
within the parenchyma of the CNS. Surprisingly, T cells were 
present in lesion areas of treated rats in higher numbers (Fig. 5c) 
Compared with controls (Fig. 5d). 

Within the CNS of AD-EAE animals (experiment B), 
multiple inflammatory foci containing high numbers of macro- 
phages (Fig. 6b) and Lo a lesser extent T cells were observed in 
control animals. C1 2 MDP liposome treatment was clearly 
reflected in a considerable reduction of the number of infiltrat- 
ing macrophages (Fig. 6a), but T cells were still present in high 
numbers in these treated animals (not shown). 

In the CNS of rats with CR-EAE (experiment C), lesions 
were abundant containing high numbers of EDI + macrophages 
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Fig. 4. Experiment C: effect of two i.v. injections (arrows) of dichloromethylene diphosphonatc (C1 2 MDP) containing liposomes on 
clinical expression of chronic relapsing experimental autoimmune encephalomyelitis (CR-EAE). Clinical signs were scored as 
indicated in Materials and Methods. Based on the incidence of score 4 the severity of the relapse was significantly reduced in the 
C1 3 MDP liposome-treatcd rats {P < 0-006). Note that the treatment was only effective when started before a relapse during relapsing 
remitting CR-EAE, and not when liposomes were injected (luring a chronic progressive course of the disease (lowest two panels). 



and OX- 19* T cells. No differences between treated and 
control rats were observed (not shown). 

DISCUSSION 

The results show that macrophage depletion during the EAE 
induced by MBP-specific T cells suppresses clinical signs almost 
completely. Apparently macrophages are necessary effector 



cells for full-blown clinical signs of T cell-EAE. In previous 
studies it was found that during actively induced EAE (A-EAE) 
macrophage depletion, either by the use of C1 2 MDP liposomes 
[9] or by the use of silica 124], also suppresses expression of 
clinical disease markedly. However, in A-EAE it is not possible 
to discriminate between different functions of macrophages 
during different stages of EAE. Those results [9,24] can well 
be explained by reduced infiltration of macrophages into the 
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Fig. 5. Representative micrographs of immunohistochasical stainings (la and OX- 19) of the central nervous system (CNS) of 
dichloromethylene dipbosphonate (Q 2 MDP) liposome-treatcd rats (a,c) or control treated rats (b.d) with T line- EAE. Cryostat 
sections from the medulla oblongata were obtained 7 days post- transfer (p.t.). (a) (Q 2 MDP liposome- treated) and (b) (control- 
treated): la-positive cells accumulating along a cerebral vessel wall (x 1200). (c) (C1 3 MDF liposome-treatcd) and (d) (control-treated): 
OX-19* T cells accumulating within a vessel (c) (L, lumen) and infiltrating (arrows) into the parenchyma (c and d) (x600). 




Fig. 6. Representative micrographs of immunohistochemical (EDI) stainings of the central nervous system (CNS) of a dichlor- 
omethylene diphosphonate (CljMDP) liposome treated rat (a) and a control-treated rat (b) with AD-EAE. Cryostat sections from the 
cerebellum obtained 5 days post- transfer (p.L) showing EDI"*" macrophages within cerebral blood vessels (x300) of C1 2 MDP 
liposome -treated (a) and control-treated (b) rats. Note the decreased Infiltration of macrophages into the parenchyma in the treated 
rats (a) compared with the controls (b). 
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CNS, thereby reducing local tissue damage. However, roacrd- 
phage depletion may also have interfered with antigen proce^ 
sing and presentation at the site of immunization during the 
induction phase of the A-EAE, ultimately leading to impaired 
T eel] responses and interruption of the autoimmune respond. 
DuringTcell line- induced EAE, however, this induction phase js 
omitted. Therefore, the results of the present study unequivocally 
prove that macrophages which infiltrate the CNS during EAB 
are crucial in the development of clinical signs of EAE. 

Histological evaluation after treatment with C1 2 MDP lipo- 
somes confirmed macrophage depletion in peripheral organs 
like the spleen and the liver, as well as the lesions in the CNS. A 
specific feature of CNS tissue of animals treated with CfeMDP 
containing liposomes was the occasional dense accumulation^ 
of la-positive cells within the Virchow-Robin space and ip 
the blood vessels. These la-positive cells consisted of activated 
T cells as well as macrophages. Within the parenchyma, 
however, only macrophage numbers had decreased, whereas 
T cells were still present in high numbers. The blood-borne 
macrophages may have been damaged by ingested liposomes 
and become unable to migrate into the parenchyma. The 
reduction of macrophage infiltration was most evident ip 
the rats with AD- EAE, that had been killed already 2 days 
after the last liposome injection. It is very likely that histo- 
logical evidence of macrophage depletion in the CNS is most 
pronounced shortly after the last liposome injection. After 
monocyte depletion, the bone marrow releases new monocytes 
rapidly into the circulation [13], which may infiltrate the CN$. 
This may explain why the decline in number of macrophages is 
less evident in rats with T cell -EAE, which had "been killed later 
after the final liposome injection. In addition, macrophage 
infiltration was scarcely affected by liposome treatment Qf 
animals with CR-EAE, perhaps because of the long time 
interval between liposome injections and histological analysis, 
as well as of the persistence of some inflammation after a first, 
untreated, clinical episode. 

Activated resident microglial cells are, besides infiltrating T 
ceils and macrophages, other putative candidates as effector 
cells. Mannosylated liposomes as used in this study have been 
described to pass the blood-brain barrier (BBB) [22J. However, 
we (unpublished results) and others [25] have not been able to 
confirm these observations, It should be noted, however, that 
the BBB is compromised during EAE, and C^MDP-containin^ 
liposomes can be observed within perivascular lesions in the 
CNS of EAE rats (unpublished observations). Recent electro^ 
microscopical investigation of the CNS of C1 2 MDP liposome- 
treated (BN x Lewis into Lewis) bone marrow chimaeras [2$\ 
with T eel] -EAE, however, does not show elimination Of 
microglia cells (BaueT et a/., submitted for publication). This 
latter study confirms massive reduction of infiltration of blood- 
borne macrophages into the CNS of up to 90% after CliMDP 
liposome treatment. Also, diminished activation of microglial 
cells was inferred from reduced expression of EDI and MHC 
class II, together with the morphology of these cells [271. Thus, 
depletion of infiltrating blood-borne macrophages has indirect 
effects on the state of activation of microglia. 

Other putative effector cells in the CNS of rats with EAE 
are the ED2 + perivascular macrophages. These are macro- 
phages of haematogenous origin [26,28]; they are likely to be 
capable of ingesting high quantities of liposomes, and arc 
therefore susceptible to the CI a MDP liposomes. Since they 



present antigen [26], their elimination could also interfere 
with a crucial step in lesion formation. 

Liposome-trealed rats with both T cell- EAE and AD- EAE 
were followed for only a short period after treatment, and we 
therefore do not know how long the protective effects of the 
treatment would have lasted. However, long-term follow up 
of A-EAE [9] revealed that liposome-mediated macrophage 
depletion is long-lasting. In addition, rats with relapsing 
remitting CR-EAE which' were observed for 17 days after the 
final CI 2 MDP-containing liposome injection did not show any 
rebound reaction to the treatment. 

During AD- EAE, the anti-MOG MoAb 8-1 8C5 binds to 
myelin and causes severe demyelination [19]. Complement 
depletion by soluble recombinant CR1 clearly demonstrates 
that the anti-MOG-mediated demyelination depends at least m 
part on C3b opsonization and terminal membrane attack 
complex [29], although earlier findings on the role of comple- 
ment using cobra venom factor do not confirm this observation 
[30]. Since F(ab)i fragments of 8-18C5 have no effect on the 
clinical course of A-EAE [31], it is likely that an additional 
mechanism by which anti-MOG initiates demyelination in vivo 
depends on antibody-dependent cell-mediated cytotoxicity 
(ADCQ mediated by Fc receptors present on macrophages 
[29]. The results of this study demonstrate that macrophages 
are involved in the pathogenesis of AD- EAE, and suggest that 
demyelination as caused by 8-1BC5 depends indeed, at least in 
part, on ADCC effected by macrophages. 

During CR-EAE, C^MDP-containing liposomes adminis- 
tered just before the expected beginning of a relapse suppressed 
clinical signs of this relapse efficiently. Interestingly, however, if 
rats were developing a chrome progressive course of the 
disease, CI2MDP liposome treatment had no effect at all on 
neurological signs. This suggests that: (1) suppression of macro- 
phage influx into the CNS by liposomes is likely to be due to 
elimination of monocytes within the circulation [13] rather than 
the elimination of macrophages which have already infiltrated 
the CNS; and (ii) for each new clinical episode macrophages are 
newly recruited from the circulation into the CNS. It is unclear 
which systemic immunological event causes and precedes the 
clinical relapse. Relapses might also have been prevented by 
C1 2 MDP liposomes due to elimination of spleen macrophages 
as putative amplifier cells of relapse initiation. Furthermore, 
during the chronic progressive course of EAE there may have 
been enough macrophages residing in the CNS — unaffected by 
the Q 2 MDP liposomes — to ensure perpetuation of local 
inflammation. 

These findings are relevant for therapeutic approaches 
focused on the functioning of macrophages during MS. 
Active lesions of MS contain numerous macrophages [5]. The 
fact that during CR-EAE macrophage depletion was only 
successful when the treatment was given just before the begin- 
ning of a relapse demonstrates the importance of finding 
parameters that predict a relapse. Therapeutic approaches 
focused on modulation of macrophages infiltrating active 
lesions in MS are promising, but are likely to depend on the 
right timing of the treatment. 
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ABSTRACT We investigated the role of CD40-CD40 li- 
gand (CD40L) interactions in multiple sclerosis (MS) and 
experimental allergic encephalomyelitis (EAE). Activated 
helper T cells expressing CD40L (gp39) surface protein were 
found in MS patient brain sections, but not in brain tissue 
sections of normal controls or patients with other neurolog- 
ical diseases. CD40L-positive cells were co-localized with 
CD40-bearing cells in active lesions (perivascular infiltrates). 
Most of these CD40 bearing cells proved to be of the monocytic 
lineage (macrophages or microglial cells), and relatively few 
were B cells. To functionally evaluate CD40— CD40L interac- 
tions, EAE was elicited in mice by means of proteolipid- 
peptide immunization. Treatment with anti-CD40L monoclo- 
nal antibody completely prevented the development of disease. 
Furthermore, administration of anti-CD40L monoclonal an- 
tibody, even after disease onset, shortly before maximum 
disability score was reached led to dramatic disease reduction. 
The presence of helper T cells expressing CD40L in brain 
tissue of MS patients and EAE animals, together with the 
functional evidence provided by successful experimental pre- 
vention and therapy in an animal model, indicates that 
blockade of CD40-CD40L-mediated cellular interactions may 
be a method for interference in active MS. 

Interactions between CD40, constitutively expressed on B 
cells, and CD40 ligand [CD40L; gp39; TBAM (T-B cell 
activation molecules); TRAP (tumor necrosis factor-related 
activation protein)], transiently expressed on activated CD4 + 
T cells, are essential for B-cell responses against thymus- 
dependent antigens. CD40L provides a number of signals to 
the B cell, some of which require additional cytokine stimuli, 
such as upregulation of cell surface markers, homotypic ad- 
hesion, proliferation, and isotype switching (reviewed in ref. 
1). In vivo treatment of mice with anti-CD40L monoclonal 
antibody (mAb) prevents thymus-dependent antibody re- 
sponses (2, 3), and generation of B-cell memory (4). 

Although less well described, CD40-CD40L interactions are 
now thought to play a role in activation of cells of the 
monocytic lineage as well. Treatment of human monocytes 
with granulocyte/macrophage colony-stimulating factor, in- 
terleukin 3 (IL-3) or interferon y resulted in the induction of 
CD40 mRNA and enhancement of cell surface CD40 protein 
expression. CD40 was found to mediate monocyte adhesion to 
cells transformed to express CD40L. The CD40L-transfected 
cells provided a costimulatory signal for monocytes to produce 
tumor necrosis factor a and IL-6 in the presence of granulo- 
cyte/macrophage colony-stimulating factor or IL-3 (5). 

Adoptive transfer studies have established the crucial role of 
GD4 + T-cells in experimental allergic encephalomyelitis 
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(EAE), but both B cells and monocytes are considered to be 
involved in the pathogenesis of multiple sclerosis (MS) as well. 
Active lesions in the central nervous system (CNS) of MS 
patients are characterized by mononuclear cell infiltrates. The 
infiltrating cells comprise T cells, B cells, and macrophages (6). 
About 50% of the mononuclear cells in the perivascular lesions 
in the CNS of EAE animals, an animal model considered to 
represent the effector phase of MS, are blood-borne mono- 
cytes/macrophages (7) and microglial cells (8). In Lewis rats, 
in which EAE was induced either by adoptive spleen cell 
transfer or by active immunization with CNS white-matter 
homogenate, the elimination of macrophages significantly 
suppressed the development of EAE neurological signs (7). 
This suggests an important functional role for macrophages in 
EAE. 

Recently, we have detected autoantigen specific B cells in 
human cerebellum and cerebrum in situ (9). Anti-myelin basic 
protein (MBP)-specific B cells were found in CNS tissue 
sections of only MS patients, not in patients with other 
neurological diseases nor in CNS tissue sections of normal 
controls. It is not clear whether these autoantigen-specific B 
cells were activated by CD40L + helper T (Th) cells locally in 
the demyelinated areas of the CNS or in peripheral lymphoid 
tissues. 

In this study, we investigated whether interactions between 
CD40L on activated CD4 + T cells and CD40 on B cells and/or 
cells of the monocytic lineage are involved in development and 
progression of EAE and MS. Using immunohistochemistry, we 
evaluated expression of CD40 and CD40L in CNS tissue 
sections of MS autopsy material. Furthermore, functional 
experiments blocking CD40-CD40L interactions in a mouse 
EAE model were performed. Collectively, our data support 
the hypothesis that the CD40-CD40L system is indeed in- 
volved in EAE and MS, providing a target for therapeutic 
intervention. 

MATERIALS AND METHODS 

Histochemistry. Human autopsy CNS tissues from patients 
with MS (n — 12), normal controls, and controls with other 
neurological disease were obtained from the Multiple Sclero- 
sis/Control Brain Bank (supported by the Netherlands Foun- 
dation for the Support of MS Research; Amsterdam). AH 
histochemical analyses of both human and mouse tissues were 
performed on cryosections (8 /xm) from snap-frozen material. 
In a pilot study, selected CNS tissues of MS patients (n ~ 4) 
were used in which anti-MBP-specific B cells (putatively 

Abbreviations: CNS, central nervous system; DAS, disability scale; EAE, 
experimental allergic encephalomyelitis; mAb, monoclonal antibody; 
MBP, myelin basic protein; MS, multiple sclerosis; CD40L, CD40 ligand; 
PLP, proteolipid protein; Th, helper T; IL-/I, interleukin n. 
^To whom reprint requests should be sent at the * address. 
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Fig. 1. {Legend appears at the bottom of the opposite page.) 
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bearing CD40) were detected on a previous occasion (9). 
CD40L + cells were detected immunohistochemically in human 
tissue by using a CD40-Ig fusion protein, as described (3), and 
in the mouse with the mAb MR1 (3, 10) directly labeled with 
alkaline phosphatase. Alkaline phosphatase was revealed by 
using napthol-AS-MX-phosphate and fast blue BB base re- 
sulting in a blue precipitate, as described (11). CD40 was 
revealed with a mouse anti-human CD40 antibody (5D12; a 
kind gift from M. de Boer, PanGenetics BV, Heemstede, The 
Netherlands; ref. 12), followed by rabbit-anti-mouse IgG con- 
jugated with horseradish peroxidase (RAMPO, Dako, Den- 
mark), and immunochemistry with 3-amino-9-ethylcarbazole 
(AEC, Sigma), resulting in a red precipitate, as described (11). 
CD40 was revealed in a blue color after incubation with mAb 
5D12, followed by horse-anti-mouse-IgG coupled with biotin 
(Vector Laboratories), and subsequent application of strepta- 
vidin-alk aline phosphatase (GIBCO/BRL). Cells of the mono- 
cytic lineage (11-13) were detected by acid-phosphatase staining 
demonstrating endogenous enzyme activity in lysosomes by using 
naphthol AS-BI phosphate (Sigma), as described (11). CDllb 
(complement receptor 3; ref. 13) was revealed in red after 
incubation with Leu- 15 (Becton Dickinson) followed by 
RAMPO and AEC. B cells were demonstrated in red as de- 
scribed (9) with mouse anti-human IgG/IgM directly labeled with 
horseradish peroxidase and revealed with AEC 

EAE Induction and Anti-CD40L mAb Administration. EAE 
was induced according to a standard protocol in three groups 
(n = 18) of female SJL/J mice (12-15 weeks old) by two 
subcutaneous injections of 75 fig, 150 fig, or 300 fig of 
proteolipid protein (PLP) peptide in the abdominal flanks. 
The PLP peptide contained amino acids 139-151 of rat PLP 
(14). Peptide synthesis was performed by using 9-fluorenyl- 
methoxcarbonyl (Fmoc) amino acids with the 9500 Milligen 
synthesizer according to standard protocols. The standard 
EAE-induction procedure using this peptide results in the 
development of acute EAE, clinically and pathologically iden- 
tical to EAE induced by using whole CNS myelin or MBP (15). 
The emulsion contained 25 fig of Mycobacterium tuberculosis 
organisms (H37RA; Difco) in 50 fi\ of Freund's complete 
adjuvant and 37.5 fig, 75 fig, or 150 fig of peptide in 50 u\ of 
phosphate-buffered saline (PBS; 0.01 M phosphate buffer, pH 
7.2/0.9% NaCl). On days 0 and 2, each mouse was injected 
intravenously with 200 fil of Bordetella pertussis suspension 
(10 10 organisms per animal). Mice were injected intraperito- 
neally with 125 fig of hamster anti-CD40L mAb (2, 10) in 200 
fi\ of PBS on days 0, 2, and 4; 4, 6, and 8; or 7, 9, and 11. Mice 
of the control groups received 125 fig of normal hamster 
antibodies (Serva) in 200 fd of PBS. The severity of EAE 
clinical signs was evaluated each day and graded according to 
discrete criteria (15): Disability scale (DAS) units; grade 0 = 
no clinical signs, grade 1 = tail weakness, grade 2 = mild 
paraparesis and ataxia of the hind legs, grade 3 = severe 
paraparesis or ataxia of the hind legs, grade 4 = moribund, 
grade 5 = death due to EAE. Blood samples were obtained on 



days 4, 9, 14, 21, 31, and 40 by tail-vein puncture. Sera were 
screened in a standard direct ELISA (16) for the presence of 
anti-PLP peptide antibodies by using the PLP peptide at a 
concentration of 10 fig/m\ in PBS for coating of microtiter 
plates. 

RESULTS 

Detection of CD40L+ Th Cells. As shown in Fig. L4, 
CD40L + cells were detected in CNS tissue sections from MS 
patients (n = 12). Cells were shown to be of the Th phenotype 
by double staining for CD4 (data not shown). In control CNS 
tissue sections from normal individuals (n = 5) or from 
Alzheimer patients (n = 5), no cells stained with CD40-Ig 
fusion protein were observed (Fig. 15). Similarly, CD40L- 
bearing cells could be demonstrated in cryosections of EAE 
mice with either CD40-Ig fusion protein (overlap of CD40-Ig 
and MR1 immunochemical staining of mouse tissue was shown 
before; ref. 3) or the anti-CD40L antibody MR1 (Fig. 1C; day 
12 after induction of disease). CD40L-bearing cells were found 
in white matter lesions and not outside these lesions nor in 
control animals. 

Detection or CD40-Bearing Cells. In Fig. 1 D-I serial 
sections of a representative perivascular infiltrate in a cryo- 
section of MS brain are shown. From Fig. ID, it is clear that 
a majority of the infiltrating cells bear CD40. From our 
previous study on anti-MBP antibody production in MS brain 
(9), we would have expected these cells to be CD40-bearing B 
cells; however, only a few cells (10-20%) were B cells, on the 
basis of double staining for IgM/IgG and CD40 (Fig. 1£^. 
Staining for either acid phosphatase (Fig. IF and G) or CDllb 
(Fig. IS/) showed that most CD40-bearing cells belonged to the 
monocytic lineage. Only a very few of these cells were detected 
in control cerebrum tissue sections. Cells expressing CD40 and 
cells expressing CD40L were found in close juxtaposition after 
double staining (Fig. 17), suggesting ongoing cellular interac- 
tions. 

Prevention of EAE by Anti-CD40L mAb. Administration of 
PLP peptide resulted in EAE of dose-dependent severity. 
After EAE induction with 75 fig or 300 /ig of PLP peptide 
(data of 150 fig not shown), control mice or those receiving 
irrelevant hamster antibodies showed a significant reduction in 
body weight (25-30%) from day 11 until day 17 (Figs. 2 Top 
and 3 Top; shaded bars), the first clinical signs of EAE 
becoming apparent on day 11. Severe disease (most animals 
moribund or dead) was induced with all peptide doses. The 
highest average DAS score of the control groups in animals in 
which EAE was induced with 300 fig of PLP peptide was 3.6, 
observed on days 16-23 (Fig. 3 Middle), and a score of 2.3 was 
observed on days 15-22 (Fig. 2 Middle) in animals in which 
EAE was induced with 75 fig of PLP peptide. Strikingly, no 
body-weight reduction was observed in animals which were 
treated on days 0, 2, and 4 with 125 fig of anti-CD40L mAb, 
irrespective of the peptide dose used for disease induction 



Fig. 1 (on opposite page). In vivo evidence for involvement of CD40-CD40L interactions in EAE and MS. (A) Red, CD40L. CD40L-positive 
cells in a perivascular infiltrate in human MS brain. (X325.) (B) No specifically stained cells. No CD40L-positive cells were found in human brain 
tissues from "normal" controls or from patients with other neurological disease. Shown here is a representative section of Alzheimer brain. (X40.) 
(C) Blue, CD40L. CD40L-positive cells in a perivascular infiltrate of mouse brain during EAE. (X200.) Note: D-I are serial sections from the same 
plaque in human MS brain. (D) Red, CD40. Numerous CD40-positive cells are present. (X65.) (E) Red, IgG/IgM; blue, CD40; violet, double 
staining, both IgG/IgM and CD40. Only a few cells positive for CD40 also contain IgG or IgM (arrows). This indicates that only a minority of 
CD40-expressing cells in the infiltrates belongs to the B-cell subset (10-20%). (X65.) (F) Red, acid phosphatase. Numerous cells having acid 
phosphatase activity in lysosomal compartments are present. This indicates that these cells have phagocytic properties and are therefore 
monocytes/macrophages or microglia (monocytic lineage). (x65.) (G) Red, acid phosphatase; blue, CD40. The large majority of celts bearing CD40 
on their membrane also have acid phosphatase activity in the cytoplasm. This indicates that CD40-positive cells in infiltrates are presumably 
monocytes and/or microglia. (X650). (//) Red, CDllb (CR3); blue, CD40; violet, double staining, both CDllb and CD40. The large majority of 
CD40-positive cells also express complement receptor 3. Taken together with the acid phosphatase activity, this indicates that CD40-positive cells 
in infiltrates are monocytes or microglia. (X325.) (/) Red, CD40; blue, CD40L Cells expressing CD40 and cells expressing CD40L are juxtaposed 
(stars). (X130.) This suggests that CD40-CD40L interactions are ongoing in perivascular infiltrates in human MS brain. For technical details of 
imrnunohistocnemical staining, see Materials and Methods, 
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Fig. 2. Prevention of EAE induced with low-dose peptide by using 
anti-CD40L mAb. EAE was induced with 75 ftg of PLP peptide in 
female SJL/J mice (n — 6) according to a standard procedure. Animals 
were treated with anti-CD40L mAb on days 0, 2, and 4 (black bars). 
Control mice received normal hamster antibodies on the same days 
(hatched bars). The effect of anti-CD40L mAb treatment was moni-. 
tored by determination of the body weight (Top), by evaluation of 
clinical signs (Middle; note: no black bars/no disease), and by deter- 
mination of serum anti-PLP peptide antibody responses by standard 
direct ELISA (Bottom). 

(Figs. 2 Top and 3 Top; black bars). Even more dramatic, 
MRl-treated animals showed only minimal or no clinical signs 
at both doses of PLP peptide used for EAE induction (Figs. 2 
Middle and 3 Middle; note: no or only very low black bars). 
Clinical signs in the anti-CD40L-treated mice were only found 
when EAE was induced with the highest dose (300 /ig) of PLP 
peptide and disappeared on day 31, whereas clinical signs of 
the control group remained severe (Fig. 3 Middle). In control 
animals, anti-PLP peptide serum antibody responses were 
observed from day 9 until day 40, with maximal responses on 
day 14 (titer = 1433) and 21 (titer = 2710) after EAE induction 
with 75 /ig or 300 ng of PLP peptide, respectively. In contrast, 
anti-PLP peptide antibody responses in animals treated with 
CD40L mAb on days 0, 2, and 4 were severely delayed and 
decreased, with highest levels on day 31 (titer = 571) and 40 
(titer - 1034) after EAE induction with 75 /ig and 300 jxg of 
PLP peptide, respectively (Figs. 2 Bottom and 3 Bottom), 

Effect of Anti-CD40L Treatment During Disease. Treat- 
ment with anti-CD40L mAb around day 6 and day 9 after EAE 



22 



21 * 



co ■ 



20 
19 
IS 
17 
\6 
1 5 
14 



II 



illl 



fit 

1] 



l! 



3 10 15 20 ;3J. SO J5 40 

Days after EAE induction 
Average EAE DAS (n = 6) 



"3 

3 
< 



3 
2 



MtMih 



11! 



5 10 IS 20 IS SO 3S 

Days after EAE Induction 



40 



Average anti-PLP peptide response (n = 6") 



3.3 
2.0 
l.S 
K6 
1.-4 

■1.2 
1.0 
0.1 
■©-.« 
0.4 
0,2 
0.0 



0 5 10 IS 20. 25 30 35 40 

. . Days after EAE induction 

Fig. 3. Prevention of EAE induced with high-dose peptide by using 
anti-CD40L mAb. EAE was induced with 300 fig of PLP peptide in 
female SJL/J mice (n = 6) according to a standard procedure. Animals 
were treated with anti-CD40L mAb on days 0, 2, and 4 (black bars). 
Control mice received normal hamster antibodies on the same days 
(hatched bars). The effect of anti-CD40L mAb treatment was moni- 
tored by determination of the body weight (Top) by evaluation of 
clinical signs {Middle; note: only very low black bars/minimal disease), 
and by determination of serum anti-PLP peptide antibody responses 
by standard direct ELISA (Bottom). 

induction with 150 /xg of PLP peptide still resulted in blockade 
of disease by 80% and 67%, respectively, as compared with the 
complete inhibition (100%) in animals treated with anti- 
CD40L mAb around day 2 (Fig. 4). Of the animals treated with 
anti-CD40L, none died due to EAE. In control animals, the 
first EAE clinical signs (and death) were found on day 11. 

DISCUSSION 

This study provides evidence that CD40-CD40L interactions 
are involved in development of EAE in mice and MS in man. 
Functionally, treatment of mice with antibodies against CD40L 
both prevented development of disease (prophylaxis) and 
dramatically suppressed clinical signs when treatment was 
started after onset of disease (therapy). Histologically, cells 
expressing CD40 and CD40L were found in the perivascular 
infiltrates in the CNS of both EAE mice and MS patients but 
not in control tissues. Double-staining procedures revealed 



Immunology: Gerritse et al 




Days of anti-CD401- mAb treatment 



Fig. 4. Effect of delayed anti-CD40L treatment on EAE. EAE was 
induced with 150 /ig of PLP peptide in female SJL/J mice (n — 6) 
according to a standard procedure: Animals were treated with anti- 
CD40L mAb on days 0, 2, and 4; 4, 6, and 8; or 7, 9, and 1 1 (black bars). 
Control mice received normal hamster antibodies on the same days 
(hatched bars). The effect of anti-CD40L mAb treatment was moni- 
tored by evaluation of clinical signs. The cumulative DAS scores from 
day 12 until day 28 of mice treated with anti-CD40L mAb on days 0, 
2, and 4 was set at 100% EAE suppression. Cumulative DAS scores 
from day 12 until day 28 of the other groups were related to this 
percentage. 

that the majority of CD40-expressing cells in human MS brain 
were cells of the monocytic lineage, while a minority belonged 
to the B-cell subset. Finally, juxtaposition of CD40- and 
CD40L-expressing cells in situ was demonstrated, indicative of 
ongoing cellular interactions. 

The interaction between CD40L on activated CD4 + T cells 
and CD40 on B cells has been shown to be indispensable for 
antibody responses against thymus-dependent antigens (1-4). 
However, recent data indicate that the CD40-CD40L axis is 
involved not only in humoral immunity but in development of 
some autoimmune diseases as well, such as collagen-induced 
arthritis (17) and lupus nephritis (18). 

Here, we show that cells expressing CD40L could be found 
in perivascular infiltrates of CNS tissue of both EAE mice and 
MS patients but not in control tissues. Frequencies of CD40L- 
expressing cells in these infiltrates were modest. This is in 
accordance with frequencies of CD40L + cells induced in the 
spleen by immunization of mice with thymus-dependent an- 
tigen (TNP-KLH)(3), where « 1 CD40L + cell was found per 12 
KLH-specific B cells. Cells expressing CD40 were abundantly 
present in perivascular infiltrates of MS brain. By using acid 
phosphatase and CDllb (CR3) as markers for monocytes/ 
macrophages and microglia (8, 13), it was shown that CD40 
expression was predominantly restricted to cells of the mono- 
cytic lineage, while B cells formed a minority of the CD40 + 
population. 

To functionally assess the role of CD40 and its ligand, we 
blocked this cognate interaction in vivo by administration of 
anti-CD40L antibody in a mouse EAE model. Treatment with 
anti-CD40L mAb during disease induction (days 0-4) com- 
pletely prevented development of disease, indicating that 
CD40-CD40L interactions play an important role in the 
induction phase of EAE. Importantly, delaying treatment with 
anti-CD40L mAb by initiating it shortly before maximal clin- 
ical disease score was reached, resulted in near-total suppres- 
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sion of disease (Fig. 4). These results indicate that CD40- 
CD40L interactions are not only important in the induction 
phase but also during the clinical phase of EAE, implying that 
the development of this inflammatory disease of the CNS is 
dependent on continuous or repeated CD40-CD40L interac- 
tions, as was shown for humoral responses against thymus- 
dependent antigens (1-3). 

What effector mechanisms are induced by CD40-CD40L 
interactions in the CNS during EAE and MS? The immuno- 
cytochemical data discussed above clearly, showed that the 
majority of CD40-bearirig cells were macrophages or micro- 
glia. In addition, a small subpopulation of CD40 + cells be- 
longed to the B-cell lineage. Consequently; CD40L-induced 
functions of both macrophages/microglia and B cells should be 
considered. With respect to B cells, antibodies specific for or 
crossreactive with myelin components may be involved in the 
process of demyelination in EAE (see, for example, refs. 19 and 
20). However, several findings argue against a central role for 
B cells in development of EAE and MS. It has been convinc- 
ingly demonstrated that EAE can be adoptively transferred by 
T cells but not by B cells (21). Furthermore, we have found only 
limited numbers of MBP-specific plasma cells in CNS tissue of 
MS patients and EAE rhesus monkeys (9). The current study 
demonstrates that the number of immunoglobulin-containing 
CD40 + B cells in lymphoid infiltrates of MS brain is also 
limited in relation to the total number of infiltrating cells and 
the number of CD40 + cells of the monocytic lineage. Finally, 
the anti-PLP peptide antibodies found at later time points after 
anti-CD4QL treatment indicate that, despite intact B-cell func- 
tion, no clinical signs develop. Apparently, either B-cell re- 
sponses are not crucial to disease induction or B cells/ 
antibodies become unable to induce disease after a critical 
susceptible period. 

This leaves macrophages/microglia (CDllb + , acid phos- 
phatase-containing cells: see Fig. 1 D~H) in perivascular 
infiltrates as the CD40-bearing population crucial to disease 
development. Consistent with this possibility, Huitinga et al 
(7) have elegantly demonstrated that macrophages are re- 
quired for development of EAE in rats. What macrophage 
effector mechanisms contributing to inflammation and/or 
demyelination in the CNS may be activated through CD40 
triggering? Alderson et al (5) have shown that CD40 triggering 
of human monocytes induced tumoricidal activity, and in the 
presence of appropriate cytokines, tumor necrosis factor a, 
IL-6, and IL-8 was produced. In addition, CD40 triggering 
induces IL-1 and IL-12 (22, 23) and can enhance nitric oxide 
production (24). Interestingly, antibodies against IL-12 pre- 
vent development of EAE in mice (25). It remains to be 
determined which of these compounds are actually produced 
in vivo in response to CD40-CD40L interactions and what 
their relative contributions to disease development are. 

How does treatment with anti-CD40L antibody prevent 
disease development and suppress established disease? As we 
discussed before (4), anti-CD40L mAb does not induce unre- 
sponsiveness by a direct cytotoxic effect on T cells, and it does 
not affect the frequencies of IL-2, IL-4, and interferon y-pro- 
ducing cells in situ (3). Collectively, these observations and the 
current study suggest that amelioration of EAE by anti-CD40L 
treatment may result from direct blocking of interaction of 
CD40L on activated T cells with CD40 on monocytes/ 
macrophages and microglial cells. 

Alternatively, anti-CD40L antibody may induce Th-cell un- 
responsiveness in EAE by interference with the CD40-related 
expression of additional costimulatory molecules on antigen- 
presenting cells, resulting in impaired antigen presentation. 
Other studies support this hypothesis in view of the fact that 
the blocking of interactions between B7 family members and 
their ligands in vivo induce a state of allo-specific T-cell 
unresponsiveness (26). Therefore, receptors like CD40, the 
triggering of which was shown to regulate the expression of 
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B7.1 and B7.2 (27), might play an important role in controlling 
tolerance and immunity. 

Although further details of the mechanism(s) of action are 
clearly needed, the co-localization of CD40-bearing macro- 
phages/microglia and CD40L-bearing cells in affected CNS 
tissue of patients suggests that CD40-CD40L interactions may 
play an important role in the immunopathology of MS. By 
analogy with the results obtained in EAE, blockade of CD40- 
CD40L interactions should be considered as a method to 
interfere in active episodes of MS as well. Preventing CD40- 
CD40L interactions is potentially useful in limiting duration, 
intensity, and neurological damage of disease exacerbations. A 
significant advantage of CD40L as a target for intervention, in 
comparison with the constitutively expressed CD40, is its 
transient expression restricted to activated CD4 + T cells. This 
feature allows targeting of only those T cells actively partici- 
pating in the response without affecting the population of T 
cells at large. 
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Abstract 

Activated macrophage/microglia may mediate tissue injury 
in a variety of CNS disorders. To examine this, transgenic 
mice were developed in which the expression of a macrophage/ 
microglia activation cytokine, interleukin-3 (IL-3), was tar- 
geted to astrocytes using a murine glial fibrillary acidic pro- 
tein fusion gene. Transgenic mice with low levels of IL-3 ex- 
pression developed from 5 mo of age, a progressive motor 
disorder characterized at onset by impaired rota-rod perfor- 
mance. In symptomatic transgenic mice, multi-focal, plaque- 
like white matter lesions were present in cerebellum and 
brain stem. Lesions showed extensive primary demyelina- 
tion and remyelination in association with the accumulation 
of large numbers of proliferating and activated foamy mac- 
rophage/microglial cells. Many of these cells also contained 
intracisternal crystalline pole-like inclusions similar to 
those seen in human patients with multiple sclerosis. Mast 
cells were also identified while lymphocytes were rarely, if 
at all present. Thus, chronic CNS production of low levels 
of IL-3 promotes the recruitment, proliferation and activa- 
tion of macrophage/microglial cells in white matter regions 
with consequent primary demyelination and motor disease. 
This transgenic model exhibits many of the features of hu- 
man inflammatory demyelinating diseases including multi- 
ple sclerosis and HIV leukoencephalopathy. (J. Clin. Invest. 
1996. 97:1512-1524.) Key words: neurologic disease • multi- 
ple sclerosis • inflammation • cytokine • glial fibrillary 
acidic protein 

Introduction 

Microglia are central nervous system (CNS) 1 resident,.* mac- 
rophage-derived cells that comprise 10-20*3^- of the normal 
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adult brain glial cells and exist largely in a resting state (1-3). 
These cells become functionally activated when the brain is in- 
jured or in the course of neurodegenerative disease. Pro- 
nounced activation of the macrophage/microglia in the CNS 
has been associated with many disorders such as multiple scle- 
rosis (MS) (4), Parkinson's dementia (5), Alzheimer dementia 

(6) , human immunodeficiency virus (HlV)-associated dementia 

(7) and radiation-induced CNS injury (8). Activation of micro- 
glia may play a role in host defense, e.g., immune activation or 
tissue repair, and this process could also be harmful, contribut- 
ing to CNS tissue injury (3, 9-11). In support of the latter view, 
these cells are known to produce a number of soluble factors, 
including cytokines, prostaglandins, and free radicals (for re- 
views see references 7, 10, and 12), that are toxic to neurons in 
vitro. In spite of this largely circumstantial evidence, definitive 
information concerning the potential neuropathogenic actions 
of activated microglia is lacking, as are suitable animal models 
for studying the role of these cells in CNS disease. 

Interleukin 3 (IL-3) was originally described as a T cell- 
derived cytokine (for review see reference 13) that acted as a 
hematopoietic growth factor supporting the proliferation of 
multipotential progenitors at the early stages of their differen- 
tiation. Subsequently, IL-3 was shown to possess potent mac- 
rophage- activating properties associated with T cell-depen- 
dent immune responses (14), (15). As a growth factor in the 
development, of hematopoietic progenitor cells as well as ma- 
ture neutrophils, eosinophils and macrophages in the bone 
marrow and peripheral circulation, IL-3 has been used in clini- 
cal trials in the treatment of pancytopenic disorders (16-18). 
Consistent with its immune regulatory properties, tumors engi- 
neered to produce murine IL-3 become heavily infiltrated by 
macrophages and granulocytes (19, 20). In the CNS, microglia 
have been reported to produce and respond to IL-3 (21). Ex- 
pression of the p subunit (signal transducing) of the IL-3 re- 
ceptor shows restricted distribution in the rat brain, being ex- 
pressed by only macrophage/microglial cells (22). IL-3 also 
acts on microglia in vitro, inducing proliferation and multinu- 
cleated giant cell formation (23). Moreover, a recent report 
found IL-3 was detectable in post mortem brain tissue from 
patients with Alzheimer's disease (24). Therefore, IL-3 may 
play a role in the marked activation of microglia and subse- 
quent development of neurodegeneration seen in this disease. 

The development of animal models for the spontaneous 
and chronic activation of the CNS microglia would greatly ad- 
vance attempts at better understanding the biology and patho- 
biology of these cells. To this end, in the present study we uti- 
lized a previously well defined transgenic approach (25, 26) 
using a glial fibrillary acidic protein (GFAP) expression cas- 
sette to direct the constitutive expression of the macrophage/ 
microglial activating cytokine, IL-3, to astrocytes in the intact 
CNS of mice. The results indicate that so-called GFAP-IL3 
transgenic mice with low levels of cerebral IL-3 expression de- 
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velop in later life a progressive motor disorder as a result of a 
vigorous T cell-independent macrophage/microglia-mediated 
demyelination process. The molecular and cellular CNS mani- 
festations of this disorder resemble many of those observed in 
human inflammatory demyelinating disorders. Therefore, the 
GFAP-IL3 transgenic mouse represents a novel experimental 
model to study the role of macrophage/microglia in the patho- 
genesis of CNS demyelinating disease. 

Methods 

Generation of GFAP-IL3 transgenic mice. The overall strategy used 
for the generation of the GFAP-IL3 transgenic mice followed that 
described previously for the generation of GFAP-11^6 transgenic mice 
(26). The CNS and astrocyte specific expression obtained for fusion 
gene constructs under the control of this promoter is well docu- 
mented (26, 27). Briefly, a full length cDNA encoding murine IL-3 
(kindly provided by Dr. John Schrader, University of British Colum- 
bia, Vancouver, Canada) was modified by removal of the 3' untrans- 
lated region. After the addition of Not-1 linkers the modified IL-3 
cDNA fragment was subcloned into the Not I-digested vector pCMV 
(Clontech, Palo Alto, CA). A clone containing the cDNA in the cor- 
rect orientation was selected and the IL-3 cDNA together with .the 
upstream SV-40 splice donor/acceptor site and the* downstream SV- 
40 polyadenylauon signal was excised using Xho I/Sal I. This. frag- 
ment was then inserted into the unique Sail restriction enzyme site of 
the modified murine GFAP gene used previously for IL-6 (26). 

After screening for correct orientation, the GFAP-IL3 fusion 
gene construct was excised and purified from plasmid DNA before 
microinjection into fertilized eggs of (C57BL/6J X SJL) Fl hybrid 
mice. Transgenic offspring were identified by slot-blot analysis of tail 
DNA using a ^P-labeled SV-40 late-region cDNA fragment as a 
probe. 

Motor function test. Motor function was assessed using a rota-rod 
apparatus. Rota-rod balancing requires a variety of proprioceptive, 
vestibular, and fine tuned motor abilities. This task has been used 
successfully for detecting acute drug-induced changes in motor coor- 
dination as well as neurotoxicity produced by drugs and developmen- 
tal behavioral abnormalities (28, 29). 

The rota-rod apparatus consisted of a rotating horizontal cylinder 
(30 mm) and a motor driven control unit (Omnitech, Columbus, 
OH). The cylinder was divided into 4 separate rotating compart- 
ments, fully enclosed to ensure that the mice did not jump out of their 
area. The mice were placed on the rod which was rotating at a fixed 
speed of 5 or 15 revolutions per minute (rpm). Automatic timers re- 
corded the duration of time (in tenths of seconds) the mice remained 
on the rod, and two infrared beams at the base of each compartment 
determined when the mice had fallen off the rod. Each mouse was 
tested for three 180 s trials, with 1 min inter-trial interval at 5 rpm. 
After all the mice were tested at 5 rpm they were then tested at 15 
rpm (about 75 min later) for three 180 s trials, with 1-min inter- trial 
interval. All testing occurred in low light, during the dark portion of 
the light/dark cycle. 

Rotating rod performance was analyzed by two-way analysis of 
variance (group and trial) with repeated measures on the trial factor 
followed by Newman-Keuls post hoc test. 

RNA isolation. Organs were removed and immediately snap-fro- 
zen in liquid nitrogen. Poly (A) + enriched RNA was isolated by a 
rapid procedure (30). Briefly, frozen organs were placed in lysis 
buffer (10 ml; 0.2 M NaQ, 0.2 M Tris/HCl pH 7.5, 1.5 mM MgCl 2 , : 2% 
SDS, 200 jig/ml proteinase K) and immediately homogenized. After 
incubation for 60 min at 45°C, the NaCl concentration of the lysate 
was adjusted to 0.5 M and mixed with 40 mg of oligo-dT cellulose (In 
Vitrogen, San Diego, CA) that had been pre-equilibrated in binding 
buffer (0.5 M NaCl, 0.01 M Tris/HCl pH 7.5). The mixture was then 
incubated at 25°C for 60 min with gentle rocking. After washing with 



binding buffer, poly (A) + RNA was eluted from the oligo-dT cellu- 
lose with elution buffer (0.5 ml; 0.01 M Tris/HCl pH 7.5) and precipi- 
tated in ethanol, dried and resuspended in 25 \l\ elution buffer. The 
concentration of RNA was determined by UV spectroscopy at 260 run. 

RNase protection assays. RPA for the detection of cytokine 
RNAs was performed as described previously (31-33). 

Northern blot analysis. Poly (A) + RNA (5 jig) was denatured, 
electrophoresed in 1% agarose/2.2 M formaldehyde gels, transferred 
to nylon membranes, pre-hybridized in hybridization buffer (HB) 
(6X SSPE, pH 7.6, 50% formamide, 5x Denhardt's solution, and 
0.2% SDS) containing 10 ^g/ml Salmon Sperm DNA at 45°C for 1 h, 
and then hybridized overnight at 45°C with ^P-labeled cDNA probes. 
After autoradiographic exposure, the membrane was stripped twice 
in boiling water and hybridized with a different probe. Probes used 
were: a 932-bp cDNA fragment corresponding to the murine Ia b a 
chain (34), a 600-bp cDNA fragment corresponding to the murine 
H-2D b (35) and a 0.26-kb fragment of 0-actin gene fragment (36) gen- 
erated by PCR was provided by M. Nerenberg (The Scripps Research 
Institute, La Jolla, CA). 

In situ hybridization. Animals were anesthetized and then slowly 
perfused intracardially with ice-cold PBS (30 ml) followed by ice-cold 
4% paraformaldehyde in PBS (30 ml). After perfusion, the brain was 
removed and placed in ice-cold 4% paraformaldehyde/1 x PBS 
(phosphate -buffered saline, pH 7.3). After overnight fixation, brains 
were processed, embedded in paraffin and 8-p.m sagittal sections pre- 
pared. All subsequent procedures for in situ hybridization were as de- 
scribed (37). 35 S-labeled cRNA to IL-3 was used as probe. The IL-3 
probe was generated from a pBluescript SK+/— vector that contains 
an EcoRI/Bglll fragment of the murine IL-3 cDNA used to make the 
GFAP fusion gene described above. 

Immunocytochemical analysis. For the detection of Mac-1, CD4, 
CD8, B220, or la, mice were sacrificed by cervical dislocation and the 
brain was immediately removed, embedded in O.T.C medium, and 
snap frozen. Sagittal sections (10 n-m) were cut on a cryomicrotome, 
air-dried and stored at — 70°C. Immediately before staining, sections 
were fixed in cold (-20°C) methanol.acetone (1:1) solution for 1 min 
and then incubated for 20 min in PBS containing 2% FCS (to reduce 
nonspecific reactivity). Sections were incubated first with rat mono- 
clonal antibody to: Mac-1 (ATCC,TIB126, Rockville, MD), CD4 
(L3T4; Pharmingen), CD8a (Ly-2; Pharmingen, San Diego, CA), 
B220 (CD45R, Pharmingen, San Diego, CA), or la (Clone MS/114, 
Boehringer-Mannheim Indianapolis, IN), respectively, for 1 h at 
room temperature. For GFAP immunostaining, brain was fixed in 
70% alcohol overnight at 4°C, embedded in paraffin, and sagittal sec- 
tions (4 p.m) cut. The antibody used was a polyclonal rabbit anti- 
bovine GFAP (DAKO, Santa Barbara, CA). For all sections, bound 
antibody was detected with a biotinylated anti-rat or rabbit antibody 
followed by avidin labeled horseradish peroxidase (Sigma Chemical 
Co., St. Louis, MO) or alkaline phosphatase (Sigma Chemical Co.). 
Staining employed 3',3' diaminobenzidine (Sigma Chemical Co.) as 
substrate. Before mounting, sections were counter stained in Mayers 
hematoxylin (Sigma Chemical Co.). 

Light and electron microscopy. Unless stated otherwise morpho- 
logical examination of the brain was performed on G3C2 mice and 
age-and sex-matched normal littermates. Before killing, animals were 
anesthetized with an intraperitoneal injection (2 ml/kg) of a solution 
consisting of pentobarbital (12.5 mg/ml) and diazepam (1.25 mg/ml) 
in 0.9% NaCl. Brains of some animals including the high expressor 
and G3K1 founder transgenic animals were removed for routine his- 
tology and light microscopic examination using buffered paraformal- 
dehyde as a fixative. Animals used for electron microscopy were 
anesthetized and perfused intracardially with a solution of 5% phos- 
phate buffered glutaraldehyde. The brain was then removed and after 
overnight fixation at 4°C, tissues were postfixed in a 1 % aqueous os- 
mium tetraoxide solution for 2 h, dehydrated using a graded series of 
ethanols and prophylene oxide and infiltrated with resin. Overnight 
infiltration was followed by embedding in fresh araldite resin. Thick 
sections (1 were cut with glass knives and stained with paraphe- 
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nylenediamine (PPD) or methylene blue azure II in preparation for 
light microscopic examination. Ultrathin sections from selected 
blocks were cut with a diamond knife and stained with uranyl acetate 
and lead citrate before electron microscopic examination. 

Western blotting. For western blot analysis, mice were killed by 
cervical dislocation and the cerebellum and cortices were isolated and 
snap frozen. The tissue was weighed and homogenized by sonication 
in 10 volumes of 1% SDS. Samples were centrifuged at 14,000 rpm 
for 30 min, and the supernatant was collected. The protein concentra- 
tion was determined by Bradford analysis using commercially avail- 
able reagents (BioRad, Hercules, CA). Sample corresponding to 20 
u,g protein was fractionated by 15% SDS PAGE and transferred to a 
nylon membrane using a Mini-Protein II system (BioRad) performed 
according to the manufacturers instructions. Equal loading and 
transfer of proteins was confirmed with amido black (Sigma Chemi- 
cal Co.) staining of the membrane. The membrane was then incu- 
bated for 1 h with 5% blocking solution (nonfat milk powder, Bio- 
Rad) in Tris buffered saline with 0.1% Tween, pH 7.5 (T-TBS) 
(BioRad). After three washes with T-TBS, the membrane was incu- 
bated for 1 h with a solution containing rabbit anti-bovine GFAP 
antibody (1:5000) (DAKO, Santa Barbara, CA) or rabbit anti- 
murine CNPase (1:2000) (obtained from Dr. Monica Carson, The 
Scripps Research Institute). After washing with three changes of 
T-TBS, the membrane was incubated for 1 h with a horseradish per- 
oxidase labeled goat anti-rabbit IgG antibody (Invitrogen), and the 
bound complex detected using an ECL kit (Amersham) performed 
according to the manufacturer's instructions. After autoradiograph 
exposure, the membrane was stripped in 0.5% p-mercaptoethanol in 
T-TBS at 60°C for 30 min, washed in T-TBS for 15 min, and then in- 
cubated for 1 h with 5% blocking solution. The membrane then' was 
re-probed for rabbit anti-bovine MBP (1:2000) (Chemicon, Temec- 
ula, CA) or rabbit anti-rat SNAP25 (1:2000) (obtained from Dr. 
Michael C. Wilson, The Scripps Research Institute). The relative 
change in the intensity of the individual protein bands was deter- 
mined by densitometry (Personal Densitometer, Molecular Dynam- 
ics, Sunnyvale, CA). 

Cell proliferation in vivo. Mice were injected intraperitoneal^ 
with [ 3 H]thymidine (2 u.Ci/g of body weight) ([ 3 H]methyl-thymidine; 
Amersham) in 0.5 ml of saline and were killed 4 h after injection by 
cervical dislocation. Brains were processed and immunostained for 
the Mac-1, la and GFAP proteins as described above. After staining, 
the sections were dehydrated through a series of graded alcohol solu- 
tions and air-dried. Slides were then coated with film emulsion (Type 
NTB3; Eastman Kodak Co., Rochester, NY) and placed in a light 
tight box at 4°C for 4 wk. The emulsion was developed in DEKTOL 
(Eastman Kodak Co.) fixed, and counterstained with Mayer's Hema- 
toxylin solution (Sigma Chemical Co.). For visualization and photo- 
microscopy, slides were examined using dark-field or epilumines- 
cence microscopy. 

Astrocyte cultures and the determination of IL-3 production. Astro- 
cyte cultures were prepared from individual neonatal (< 48 h old) 
offspring as described previously (38). Brain cells from the cerebrum 
or the cerebellum were seeded into three wells of a six-well plate 
(Costar Corp.) to which was added DME containing antibiotics and 
10% fetal calf serum. The medium was changed twice weekly. At 
confluence fresh medium was added to the cultures and supernatant 
was collected 24 h later for 11^3 assay. IL-3 was measured by an 
ELISA method using a commercially available kit (Endogen, Boston, 
MA) that detects murine IL-3. The remaining cells were lysed in l ml 
of 1% SDS in 50 mM Tris-HCl, pH 7.4. Protein concentration of ly- 
sate was determined by BioRad protein assay reagents (BioRad) per- 
formed according to the manufacturer's instructions. 

Assay of 2', 3 'cyclic nucleotide phosphodiesterase (CNPase) activ- 
ity. CNPase activity was measured by the method of Prohaska et al. 
(39) as described previously (38). Brain tissue was homogenized in 9 
volumes of 0.32 M sucrose. Aliquots (0.2 ml) of homogenate were 
mixed with 0.5% (wt/vol) sodium deoxycholate in 0.2 M Tris-HCl pH 
7.5 (0.3 ml) and incubated for 10 min at 4°C. The homogenates were 



diluted in three volumes of distilled water and the protein concentra- 
tion measured as described above. Homogenates (20 p,g protein) 
were incubated with 180 uJ of 10.5 mM 2'-3'cAMP in 50 mM Tris- 
maleate pH 6.2 for 10 min at 30°C. The reaction was terminated by 
placing tubes in boiling water for 30 s. The solutions were returned to 
30°C and 0.1 ml of 0.3M Tris, pH 9 containing 21 mM MgCI 2 and 0.72 
units of alkaline phosphatase (Sigma Chemical Co.) was added and 
the mixture incubated at 30°C for 20 min. A mixture of isobutanol 
and toluene (1:1) (1.2 ml) was then added together with 1.2 ml of 
1.5% (wt/vol) (NH 4 )6M0 7 0 24 -4H 2 0 in 0.5 M H 2 SQ 4 . After 20 min of 
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Figure 1. Altered physical characteristics of G3C2 transgenic mice. 
(A) Impaired performance on a rotating rod (5 rpm) in 6 month old 
G3C2 mice (n =■ 3) compared with that of 4-mo-old G3C2 mice (n — 
5) and normal littermates (n = 10). Values represent mean±SEM 
time spent on rotating rod for 3 trials with a maximum possible dura- 
tion of 180 s/trial. (B) Incidence of motor disease at different ages of 
G3C2 mice. (C) Body weight at different ages of G3C2 compared 
with normal littermates. The data of (B) and (C) was obtained from 
10 mice for each group. These mice were followed until the age of 7 
mo. The incidence of abnormal motor behavior, e.g. head tilting and 
abnormal gait, and body weight were scored once a week. 
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Figure 2. Analysis of cerebral trans- 
gene-encoded IL-3 expression. (j4) 
RNase protection analysis of cytokine 
mRN A levels in the brain of low ex- 
pressor and high expressor GFAP- 
IL3 mice. (B-Q Distribution of IL-3 
RNA expression in the brain was as- 
sessed by in situ hybridization with an 
^S-labeled anti-sense IL-3 RNA 
probe. Sections shown represent cere- 
bellum from a normal littermate (2?) 
and the G3K1 founder mouse (C). 
Expression of IL-3 RNA was detect- 
able in the transgenic specimen only 
and was particularly prominent in 
white matter tracts. (£)) IL-3 produc- 
tion from cultured astrocytes. Com- 
pared with normal littermates, signifi- 
cant production of IL-3 was found 
from astrocytes derived from G3C2 
mice. The production of IL-3 was 
markedly higher from astrocytes iso- 
lated from the cerebellum versus ce- 
rebrum {P < 0.01) of the G3C2 ani- 
mals. Values represent mean±SEM 
(n « 3). *P < 0.01; **P < 0.05; com- 
pared with normal. 



shaking, the solutions were centrifuged at 2,200 rpm for 4 min ancVthe 
absorbance of the yellow upper layer was read in a spectrophotome- 
ter at 410 nm. Activity was expressed in Units (one unit defined as 
one p-mole phosphate release per mg of protein per minute). 



Results 

* * 

Cerebral expression of IL-3 results in dose-related neurological 
disease. From birth, several founder generation mice dis- 
played severe neurological disturbance with ataxia, runting, 
tremor, and disproportionate enlargement of the head. These 
animals died before reaching reproductive maturity. Patholog- 
ical changes in the brain of these transgenic mice included 
marked cellular infiltration (with mainly macrophages, lym- 
phocytes and to a less degree granulocytes), meningoencepha- 
litis, hydrocephalus, gliosis, and neurodegeneration (data not 
shown). Two founder transgenic mice (G3K1 and G3C2) ap- 
peared healthy and normal until 4 and 5 mo of age, respec- 
tively. At this time, these animals developed abnormal motor 
features with head tilting, ataxia, and weakness in muscle 
strength. Founder G3K1 failed to breed and was killed for fur- 
ther analysis at 5 mo old. In contrast, founder G3C2 was mated 
successfully to derive a stable transgenic line. Transgenic off- 



spring from the G3C2 line developed a motor disorder identi- 
cal to that of the parental founder. In these animals, from on- 
set at 5-7 mo of age, the symptoms progressed rapidly over the 
next 2-3 mo resulting in quadriplegia and premature death. 
Compared with normal age-matched littermates, symptomatic 
G3C2 mice were significantly impaired in a quantitative test of 
motor function. Performance on rotating rod (5 rpm) for fe- 
male G3C2 mice at 4 and 6 mo of age and normals is shown in 
Fig. 1 A. Because there was no difference in rotorod perfor- 
mance between groups of normal mice at the two ages, the 
data for these groups has been pooled (F[l,8] = 1.15, P > 
0.05). Although the 4-mo old transgenics performed as well as 
normal mice, there was a significant deficit in rotorod perfor- 
mance in the 6-mo-old G3C2 mice observed for all three trials 
(F[2,15] = 22, P < 0.05; followed by Newman-Keuls test). 
There was no significant group by trial interaction. Perfor- 
mance on the rod rotating at 15 rpm was also significantly im- 
paired in the 6-mo-old G3C2 mice compared with 4-mo-old 
G3C2 mice and normals (4 and 6 mo old combined; F[2,15] = 
12.5, P < 0.05, followed by Newman-Keuls test; data not 
shown). Studies of the incidence of motor disease (Fig. 1 B) 
showed that female mice tended to develop symptoms earlier 
than males (130 d for female vs. 150 d for male). Moreover, 
pregnancy in the G3C2 transgenic mice accelerated the onset 
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Figure 3. Focal white matter lesions and demyelination in the brain of G3C2 mice. Brains were obtained from age- and sex-matched normal lit- 
termates (A) and presymptomatic (C) or symptomatic G3C2 mice (B and D). Sections from paraffin embedded control mouse cerebellar tissue 
(A), stained with Luxol Fast Blue showing dense blue staining bf the white matter characteristic of normal myelination. X448. In contrast, in a 
similarly stained specimen from the transgenic mouse (£), a hypercellular area is visible, forming a discrete plaque-like lesion in the white mat- 
ter. Note the loss of blue staining associated with this lesion indicative of demyelination. X448. Plastic sections from the brainstem of presymp- 
tomatic 4-mo-old (C) and symptomatic 5.5-mo-old (D) G3C2 mice stained with methylene-blue. X448. This specimen from the presymptomatic 
animal shows normal myelination of white matter. However, the vessel at the center of the illustration shows perivenular cellular infiltrates (ar- 
). In contrast, in the symptomatic animal there is extensive loss of myelin. Demyelinated axons (arrows), myelin debris (arrowheads), and 



row 



foamy macrophages (asterisks) are prominent. 

of observable motor disease (not shown). Analysis of. body 
weight revealed that G3C2 mice, in contrast to their normal- lit- 
termates, failed to gain weight at the onset of motor signs (Fig. 
1, B and C). Consistent with the incidence data, female G3C2 
mice also showed earlier and more pronounced changes in 
body weight than their male transgenic littermates (Fig. 1 Q. 

The onset and severity of the neurological disorder in the 
different founders was related to the levels of transgene en- 
coded IL-3 mRNA expression (Fig. 2 A). Thus, founders with 
severe, early onset neurological disease had high levels of cere- 
bral IL-3 mRNA expression. Coincidentally, in addition to 
IL-3, the expression of a number of other cytokine mRNAs in- 
cluding those for IL-la, IL-ip, IL-4, and TNF-ot was also 
found to be significantly elevated in these mice (Fig. 2 A). In 
all the high IL-3 expressor transgenic mice this finding paral- 
leled the neurohistological observation of diffuse encephalitis 
(not shown). Founder G3K1 expressed comparatively lower 
levels of IL-3 mRNA in the brain, while transgenic mice of the 
G3C2 line showed lowest levels of cerebral IL-3 mRNA ex- 
pression. Increased cerebral expression of IL-la, IL-lg and 
TNF-a but not IL-4 mRNA was also observed in these low ex- 
pressor transgenic mice. A survey of spleen, kidney, liver,. tes- 



tis and skin from G3C2 transgenic animals failed to detect ex- 
pression of IL-3 RNA in these peripheral organs (not shown). 
Localization of IL-3 RNA by in situ hybridization showed pre- 
dominant expression in the white matter tracts of the cerebel- 
lum and brain stem in the G3K1 mouse (Fig. 2 C). In G3C2 
mice, the level of IL-3 mRNA was too low to be detected by 
this method. However, production of IL-3 protein from astro- 
cyte cultures derived from cerebrum (35.5±4.3 pg/mg) and 
cerebellum (94.5±5.7 pg/mg) (Fig. 2 D) confirmed transgene 
encoded IL-3 expression was also higher for astrocytes in the 
cerebellum in the G3C2 animals. 

Low levels of cerebral IL-3 production result in primary 
demyelination of the white matter. To examine the pathologic 
correlates of the neurological disorder seen in the low expres- 
sor mice, brains from G3C2 offspring of different ages were 
examined by light and electron microscopy. Routine histologi- 
cal examination failed to reveal significant alterations in asymp- 
tomatic mice. With the onset of neurological signs, focal in- 
flammatory lesions in white matter in the cerebellum and 
brain stem were prominent (Fig. 3, A and B). Increased num- 
bers of mononuclear cells were observed in perivenular re- 
gions in the cerebellum. Myelin stains revealed demyelination 
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Figure 4 Ultrastructural features of demyelinating lesions in the brain stem. (A) Macrophages (M) and a mast cell (MC) represent the cell types 
that constitute the inflammatory infiltrate. The macrophages shown in this figure contain lipid droplets (X5533). (2?) A thinly myelinated fiber 
undergoing demyelination with separation of myelin lamellae frojn the axonal surface and penetration by a process of an infiltrating cell (arrow) 
not connected to the myelin. The infiltrating process lies betweet-two areas of myelolysis (x 6 972). (Q A completely demyehnated axon is sur- 
rounded by a foamy macrophage. Collagen fibrils are seen in the .Interstitial space (X3112). (2>) Axons (ax) in this field are either completely de- 
myelinated, partially myelinated, or thinly myelinated consistent with remyelination (X2490). (£) Thin, needle-like inclusions are clustered at 
Z center of this macrophage which also contains foemy vacuolar inclusions (X3423). (*f) Polygonal "pole-shaped" crystalline inclusions ap- 
pear in a cell in which there is ample endoplasmic feticulum (er). The inclusions are themselves enveloped by membranes of rough endoplasmic 
reticulum (X8715). . , . 



in association with white matter lesions (Fig. 3, A and B). Cer- 
ebellar cortices in transgenic animals with late stage disease 
exhibited disorganization of granular layer structure and the 
loss of Purkinje cells was also evident. One micron thick plastic 



sections from the cerebellum and brainstem of 4-mo-old mice 
showed occasional perivenular cellular infiltrates (Fig. 3 C), as 
well as rare foci of active, macrophage mediated demyelina- 
tion. In contrast, in symptomatic 5-mo-old transgenic mice, 
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Figure 5. Prominent macrophage/microglial accumulation and activation in white matter lesions in GFAP-IL3 mice. Cryostat sections of brain 
from a normal (A) or a symptomatic G3C2 (B) mouse immunostained for Mac-1 showing a pronounced accumulation of strongly stained cells in 
a white matter lesion in the transgenic specimen. Adjacent sections immunostained for la revealed a significant increase in Ia + cells associated 
with white matter lesions in the G3C2 (D) specimen compared with normal (Q. 



gross loss of myelin was manifest in white matter lesions with 
large numbers of demyelinated but normal appearing axons 
visible (Fig. 3 D). Large foamy macrophages were conspicuous 
throughout the demyelinated regions and clumps of myelin de- 
bris were also noted (Fig. 3 D). Foamy macrophages were also 
present on the surface of the brain stem (Fig. 4 A). 

By electron microscopy, demyelination was seen in cere- 
bellar and brain stem white matter associated with infiltration 
by macrophages (Fig. 4, B and Q, which appeared in the pa- 
renchyma and on the axon surface (Fig. 4 B). Completely de- 
myelinated axons were often surrounded by foamy macro- 
phages in which the cytoplasm was filled with lipid rich 
vacuoles (Fig. 4 C). Contiguous axons were either partially my- 
elinated or had inappropriately thinly myelinated sheaths con- 
sistent with remyelination (Fig. 4 D). The vast majority of de- 
myelinated axons appeared normal indicating that myelin was 
the primary target for injury. The inflammatory infiltrate 
showed some distinctive abnormalities. Many of the lipid^ich 
macrophages also contained crystalline "pole-like" inclusions 
in their endoplasmic reticulum (Fig. 4 £). Other macrophages 
contained exclusively crystalline inclusions which filled their 
cytoplasm with needle shaped profiles that were surrounded 
by cisternae of endoplasmic reticulum (Fig. 4 F). In the most 
severely affected areas of the cerebellar white matter, intense 



infiltration by macrophages was accompanied by necrosis and 
cavitary degeneration of the white matter. 

Consistent with the neuropathological findings, Western 
blot analysis of brain lysates from late-stage symptomatic 
G3C2 transgenic mice revealed a decrease in myelin basic pro- 
tein (MBP) (71.8±7.3% of normal mice) and SNAP25 protein 
(70.9 ±7. 8% of normal mice) contents in cerebellum but not in 
cerebrum. However, the oligodendrocyte specific enzyme, 
2 ',3 '-cyclic nucleotide phosphohydrolase (CNPase) was not 
changed in either content as assessed by Western blot or in to- 
tal specific activity (cerebrum: 4.27 U for normal mice vs. 4.73 U 
for G3C2 mice; cerebellum: 5.26 U for normal mice vs 5.28 U for 
G3C2 mice). Compared with normal controls, expression of 
the astrocyte protein GFAP was found to be markedly ele- 
vated (263 ±31%) in cerebellum but not in cerebrum of symp- 
tomatic transgenic mice. 

Macrophage/microglial activation and proliferation are co- 
incident with demyelination in white matter. To assess the acti- 
vation status of the macrophage/microglial cells in the brain of 
G3C2 mice, brain sections were immunostained with antibod- 
ies to the complement C3 receptor (Mac-1) or the MHC class 
II molecule (la). In normal mice, weakly stained Mac-1 posi- 
tive cells were distributed throughout the brain, and were par- 
ticularly visible in white matter regions (Fig. 5 A). This prop- 
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Figure 6. Marked cellular proliferation of macrophage/microglial cells in white matter lesions in GFAP-IL3 mice. Dark-field photomicrograph 
of autoradiographs of brain sections from normal (A) or G3C2 (B) mice after systemic injection of pH]thymidine. In contrast to the absence of 
labeling in the normal mouse, numerous labeled cells can be seen in white matter tracts and to a lesser extent in the granular layer of the cerebel- 
lum from the transgenic animal. Combined pH]thymidine autoradiography and immunostaining for Mac-1 (Q or la (D) of brain sections from a 
symptomatic G3C2 mouse. [ 3 H]thymidine labeled Mac-1 + cells were numerous in white matter lesions (arrow) while co-labeled Ia + cells (arrow) 
were also occasionally seen. 



erty together with their highly ramified appearance identified 
these cells as resident resting microglia. Less numerous, but 
more strongly stained Mac-1 positive cells were associated 
with blood vessels. In contrast, in symptomatic transgenic 
mice, large numbers of intensely stained Mac-1 positive cells 
were present in white matter lesions (Fig. 5 B). The majority of 
these latter cells were very large with expansive cytoplasm, 
compatible with hyperplastic microglia and/or the foamy mac- 
rophages noted above. A smaller number of Mac-1 positive 
cells in these lesions, also present at perivenular sites as well as 
on the brain surfaces, had a compact ameboid appearance 
characteristic of macrophages. In normal mice, la positive cells 
were much rarer, being restricted to perivascular sites, and 
were presumed to represent perivascular microglia (Fig: 5 C). 
In contrast, in transgenic mice, increased numbers of la posi- 
tive cells also observed in the white matter lesions although 
their numbers were less than the Mac-1 population (Fig. 5 D). 
In addition, increased numbers of la positive cells were also 
identified at perivenular sites and on brain surfaces (not 
shown). Consistent with the electron microscopic findings, im- 
munostaining of adjacent sections for the lymphocytic markers 
CD4 (Th-cell), CDS (Tc-cell) and B220 (B-cell) confirmed the 
absence of these cells in brain from normal and transgenic 
mice (not shown). 



To investigate for possible macrophage/microglial cell pro- 
liferation, mice were injected with pH]thymidine and brain 
sections imrnunolabeled for Mac-1 and la. Adjacent sections 
were also imrnunolabeled for the astrocyte marker GFAP. In 
normal mice, small numbers of labeled cells were consistently 
identified in the subependymal plate (not shown) and rarely, if 
at all, in other brain areas (Fig. 6 A). These labeled cells did 
not stain for Mac-1, la or GFAP and their identity remained 
unknown. However, in symptomatic G3C2 mice, besides the 
subependymal plate, numerous labeled cells were observed 
particularly in focal areas of white matter of the cerebellum 
(Fig. 6 £), brain stem and basal ganglia. The majority of 
[ 3 H] thymidine labeled cells in these areas were Mac-1 positive 
(Fig. 6 C). Rare la positive (Fig. 6 D) and GFAP-positive (not 
shown) pH]thymidine-labeled cells were also found. 

Increased MHC class II gene expression and proliferation of 
perivascular microglia precedes development of white matter 
pathology. Experiments were performed to investigate the 
spatiotemporal expression of the MHC class II gene in the 
brain of G3C2 mice. Compared with normal littermates, cere- 
bral MHC class II mRNA levels increased progressively from 
as early as 2 mo of age in the transgenic mice (Fig. 7 A). In 
contrast, there was no significant change in the levels of MHC 
class I mRNA between normal control and transgenic mice up 
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Figure 7. Early onset increased MHC-class II gene expression in the 
brain of G3C2 mice (A) Northern blot hybridization analysis re- 
vealed increased MHC class II mRNA was detectable in the brain 
from transgenic mice as early as 2 mo age. In contrast, there was. no 
significant difference in the level of MHC class I mRNA between 
normal or G3C2 mice at any age studied. (B) Cryostat section of 
brain from a 3-mo-old G3C2 mouse immunostained for la showing 
increased levels of staining of perivascular microglia and accumula- 
tion of small numbers of Ia+ cells with an ameboid morphology {ar- 
row), (Q Combined [ 3 H]thymidine autoradiography and immuno- 
staining for la of brain sections from a 2-mo-old G3C2 mouse 
showing dual labeling of perivascular cells (arrows). 

to 5 mo of age. Compared with normal controls, in 2- and 3- 
mo-old G3C2 mice, immunostaining of brain sections revealed 
a generalized increase of la protein expression by perivascular 
microglial cells, particularly in subcortical, cerebellar and brain 
stem regions. In addition, these cells frequently appeared to be 
hypertrophied. An associated increase in . the numbers of 
perivascular la positive cells with an ameboid Morphology was 
also noted (Fig. 7 B). In parallel experiments utilizing pHJthy- 
midine incorporation studies combined with immunostaining, 
proliferating la positive perivascular cells were identified in 
the brain of 2- and 3-mo-old transgenic but not normal animals 
(Fig. 7 C). 

Discussion 

We have produced transgenic mice in which chronic expres- 
sion of a macrophage/microglial activating factor, IL-3 # (15, 

. * 
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21), was targeted to astrocytes using a GFAP-IL3 fusion gene 
construct. We demonstrated such mice developed distinct neu- 
rological disorders depending on the dose of transgene- 
encoded IL-3 expression. Thus, CNS expression of IL-3 at high 
levels resulted in a lethal early-onset acute neuroinflammatory 
disease, while CNS expression of this cytokine at low levels 
was associated with the development of a late-onset chronic 
progressive motor disorder. Significantly, in the latter case, the 
stable transgenic line G3C2 was established. The findings in 
this transgenic line indicated that the persistent CNS produc- 
tion of low levels of IL-3 promoted the recruitment, prolifera- 
tion, and activation of macrophage/microglial cells in white 
matter regions with consequent demyelination. In affected re- 
gions of the cerebellum and brain stem, the presence of large 
numbers of normal appearing, but completely demyelinated 
axons as seen by electron microscopy, indicated unambigu- 
ously a process of active primary demyelination. While a small 
number of degenerating axons were also observed, this is char- 
acteristic of a demyelinating disease in which there is a vigor- 
ous inflammatory component (40). That this phenotype could 
have arisen from an insertional mutation or from some non- 
specific interference with astrocyte function, created by the 
transgene is improbable. First, in addition to the stable G3C2 
line, a similar phenotype was exhibited by an independent 
GFAP-IL3 founder mouse (G3K1) that was shown to also ex- 
press low levels of IL-3 in the brain. Second, in the case of both 
the G3C2 and the G3K1 transgenic mice, there was concor- 
dance between the CNS location for transgene encoded IL-3 
expression and the principal sites of pathology. Third, the 
prominent involvement of macrophage/microglial cells in the 
evolution of the brain lesions seen in the GFAP-IL3 mice is 
consistent with the known ability of IL-3 to activate cells be- 
longing to this lineage (14, 21). Finally, the pathologic and clin- 
ical profiles seen in the GFAP-IL3 mice are unique to these 
animals and have not been observed in other transgenic mod- 
els where this GFAP construct was used to express the cyto- 
kines IL-6 (26, 32) and IFN-otj (41) or the HIV coat protein 
gpl20(42). 

Motor abnormalities in the low expressor GFAP-IL3 mice 
appeared with a sudden onset, typically presenting as gait dis- 
turbance starting around 5-6 mb of age, then becoming pro- 
gressively more severe over the ensuing 2-3 mo, leading to 
complete incapacitation and premature death. Motor incoordi- 
nation was estimated from rotating rod performance. This pro- 
cedure permits quantification of a neurological deficit indi- 
cated by the inability of the mice to remain on a rotating rod 
(43). The rotating rod task has been used to characterize de- 
velopmental alterations and X-irradiation induced structural 
disorganization of the cerebellum and other areas involved in 
motor control, in laboratory rodents (29, 44). Since rotating 
rod performance has been related to cerebellar function, and 
IL-3 transgenic mice exhibited pathological changes in this 
area, cerebellar involvement in the motor deficit observed in 
these mice seems probable. The abrupt transition to motor dis- 
order was further underscored by the observations that, before 
the appearance of an abnormal gait, physical parameters such 
as body weight and motor function tests indicated these ani- 
mals were indistinguishable from their non-transgenic litter- 
mates. Interestingly, the onset of motor symptoms was found 
to occur earlier in female versus male transgenic animals. This 
observation, together with the recent finding that pregnancy in 
GFAP-IL3 mice was associated with an earlier onset of motor 



disease (unpublished observation) suggest that sex-associated 
factors may modulate the onset of the IL-3-induced disease 
process. At present the identity and mode of action of such pu- 
tative factors is not known, but this issue clearly warrants 
further study. Significantly, the sex-associated phenomenon 
seen in the GFAP-IL3 mice has correlates in the human 
demyelinating disease, MS, where the onset is known be 
earlier in females (45) and post-partum exacerbations feccur 
more often (46). 

Pathologic and molecular analysis of the brain from symp- 
tomatic low expressor GFAP-IL3 transgenic mice provided 
clear evidence for multiple plaque-like, white matter lesions 
with demyelination in the cerebellum and brain stem. Since 
the cerebellum and brain stem are major centers controlling 
motor function and coordination (47, 48), our findings indi- 
cated that a probable cause for the motor disease seen in the 
GFAP-IL3 mice was initially the development of extensive de- 
myelination in the hind-brain regions. Although not specifi- 
cally addressed by our studies here, it is also conceivable that 
white matter disease may have affected the spinal cord in the 
transgenic mice which would also contribute to loss of motor 
control. Preliminary ultrastructural examination of the spinal 
cord, has revealed the presence of demyelinating plaques in 
these transgenic mice (H.C. Powell and I.L. Campbell, unpub- 
lished observation). The subsequent parenchymal degenera- 
tion observed in the white matter likely compounded further 
the severity of the disorder leading eventually to complete in- 
capacitation and death. Consistent with the absence of a de- 
tectable clinical phenotype, in presymptomatic transgenic ani- 
mals, as late as 4 mo of age, routine histological examination 
and Western blotting for myelin and the synaptosomal protein 
SNAP-25, failed to reveal alterations in the brain. However, in 
this group of animals, the earliest ultrastructural morphologic 
abnormalities were noted with perivascular mononuclear cell 
accumulation and scant demyelination. 

White matter lesions that developed in the GFAP-IL3 mice 
contained numerous intact axons devoid of myelin representa- 
tive of primary demyelination. Dystrophic axons were also 
seen, however their small number as compared with the large 
number of healthy appearing demyelinated axons implied that 
demyelination was predominant and preceded any neuronal 
injury. Another common feature seen in these lesions was the 
presence of many axons circumscribed by a thin, even layer of 
myelin. This morphological profile, which is characteristic of 
remyelination (49, 50), suggested the oligodendrocytes were 
not only viable but also functionally active. .Although we did 
not count oligodendrocyte numbers directly, our finding that 
the predominantly cell body located oligodendrocyte-specific 
enzyme CNPase (51) showed unaltered activity in the brain of 
symptomatic GFAP-IL3 mice provided further evidence for 
preservation of these cells. Although CNPase is also located in 
the myelin sheath, maintenance of this enzyme's activity has 
been noted in other experimental models (e.g., the shiverer 
mouse) (52, 53) where significant hypomyelination is known to 
occur and in which oligodendrocyte numbers are maintained. 
These changes in the GFAP-IL3 mice are similar to those seen 
in MS where extensive primary demyelination accompanied 
by some axonal abnormalities and remyelination is a feature of 
active plaque lesions (54). In the GFAP-IL3 mice, remyelina- 
tion apparently persisted due to the maintenance of active oli- 
godendrocyte activity. However, this finding contrasts*with 
MS, where remyelination is a transient phenomenon associ- 



ated with new white matter plaques and is thought to eventu- 
ally cease because of injury to and loss of the oligodendrocytes 
(55-57). 

A key issue raised by our studies concerns the cause of de- 
myelination in the GFAP-IL3 mice. As discussed above, this 
could not be accounted for by direct injury to and/or loss of the 
oligodendrocytes. On the contrary, a number of observations 
indicated a key role of macrophage/microglial cells in mediat- 
ing demyelination. First, there was a significant accumulation 
of these cells within the demyelinating white matter lesions. 
Remarkably, these lesions were almost entirely made up of 
cells belonging to the monocytoid lineage, while T- and 
B-lymphocytes were absent. On the basis of ultrastructural 
morphology, mast cells were the only other immunoinflamma- 
tory cells to be discerned. Second, a high proportion of the 
macrophage/microglial cells were in an activated state as re- 
flected by their increased expression of the complement C3 re- 
ceptor. Third, by electron microscopy, macrophage/microglial 
cells could be visualized surrounding myelinated axons and in 
some cases seen to be actively engaged in myelin stripping. 
Fourth, white matter lesions contained significant numbers of 
swollen foamy macrophages engorged with neutral lipids, 
presumably as a result of engulfing myelin. Therefore, these 
data strongly suggest that activated macrophage/microglial 
cells in the GFAP-IL3 mice were the primary mediators of de- 
myelination. 

Accumulation of macrophage/microglial cells within the 
white matter represented a cardinal and striking feature of the 
GFAP-IL3 mice and as discussed above was a critical event in 
the development of demyelination. Macrophages (14, 15) and 
microglia (21) are known to respond to IL-3. Therefore, their 
accumulation in the transgenic mice is compatible with a re- 
sponse of these cells to the transgene encoded cytokine. This 
point was further illustrated by the coincidence of macrophage/ 
microglial accumulation with sites of transgene encoded IL-3 
expression. The formation and evolution of these lesions likely 
resulted from multiple ongoing processes. Electron micro- 
scopic and immunostaining analysis revealed numerous mac- 
rophages on the brain surfaces as well as at perivascular sites 
suggesting active recruitment of these cells from the periphery 
was one contributing factor. Additionally, the pronounced 
proliferation of the Mac-1 + population observed in the white 
matter lesions indicated that local proliferation of the mac- 
rophage/microglial cells was also likely to be responsible for 
the accumulation of these cells. In addition to confirming its 
well described hematopoietic growth promoting properties 
(reviewed in reference 13) our findings suggest IL-3 is an effec- 
tive and, at low concentrations, somewhat specific chemotactic 
and growth factor for macrophages. Why, in spite of continu- 
ous IL-3 production from birth, the recruitment and accumula- 
tion of the macrophage/microglial cells in the CNS of the low 
expressor transgenic mice was so protracted is unknown. It 
likely reflects, in part, a concentration related phenomenon 
since GFAP-IL3 mice with high levels of transgene expression 
exhibited florid and widespread mononuclear cell infiltration 
of the brain at an early age. In addition, compared with the pe- 
riphery, the brain parenchyma is known to be extremely resis- 
tant to the proinflammatory actions (including recruitment of 
immunoinflammatory cells) of acutely injected LPS (58) and 
various cytokines and chemokines (59). This suggests as yet 
unidentified brain-specific factors may be involved in sup- 
pressing the potentially harmful actions of proinflammatory 
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cytokines. Modulation of these factors and possibly other 
priming events by IL-3 in the transgenic mice may also be re- 
quired to further facilitate the recruitment and infiltration of 
the brain by peripheral macrophages. One such priming event 
could involve activation of perivascular microglia. Hypertro- 
phy, proliferation and enhanced expression of MHC class II 
molecules by these cells was one of the earliest changes we 
could detect in the brain in GFAP-IL3 animals. Induction of 
MHC class II expression is part of a spectrum of changes that 
is associated with the activation of macrophages by IL-3 (15). 
How, in the GFAP-IL3 mice, these early responses by the 
perivascular microglia might influence circulating macro- 
phages is presently not known. It is conceivable however, that 
through their intimate association with the cerebrovascular en- 
dothelium, the perivascular cells might provide signals for the 
recruitment and promote the initial adherence of macrophages 
to the endothelial cell and their subsequent extravasation. Fu- 
ture studies aimed at delineating the functional state of the en- 
dothelium as well as the expression of key adhesion molecules 
will help to resolve some of these issues. 

Similar to our present findings in the GFAP-IL3 mice, acti- 
vated macrophage/microglial cells are implicated as key effec- 
tors in a variety of human and experimental' immune-associ- 
ated demyelinating neuropathies including MS (4, 56, 60, 61), 
Guillain-Barre syndrome (62), HIV leukoencephalopathy (63, 
64) and EAE (65), respectively. Why myelin particular be- 
comes the primary target for these cells, and the mechanisms 
underlying the demyelination process itself, remain open ques- 
tions. Experiments in vitro show that macrophages (66) and 
microglia (67) in addition to becoming activated, vigorously 
phagocytose added myelin. A critical role of \he complement 
C3 receptor in myelin phagocytosis has been demonstrated 
(68). Ultrastructural evidence in the GFAP-IL3 mice revealed 
myelin disruption by macrophage/microglial cells indicative of 
direct physical involvement of these cells in the demyelination 
process. Moreover, the prominent hyperexpression of comple- 
ment C3 receptor by macrophage/microglial cells observed in 
the white matter lesions of the GFAP-IL3 mice suggest there 
may be a role for this molecule in the coupling and subsequent 
amputation of the myelin lamellae. 

Demyelination in the GFAP-IL3 mice might also result in- 
directly from the release of soluble factors. Activated mac- 
rophages and microglia are known to produce a spectrum of 
soluble factors including cytokines, serine proteases, prosta- 
glandins and reactive oxygen species that under certain condi- 
tions may mediate tissue injury (12). Disease progressipn in 
the GFAP-IL3 mice was found to be associated with increased 
expression of IL-la and to a lesser extent IL-lp and TNF-a 
mRNAs. While the presence of these cytokine RNAs does hot 
necessarily infer their activity at the protein level, it is notable 
in the case of TNF-a that this cytokine may damage myelin 
and be toxic to oligodendrocytes in vitro (69, 70). Recent evi- 
dence suggests the toxic actions of TNF-a to oligodendrocytes 
in vitro are mediated in part via the induction of nitric oxide 
(NO) (71). However, in recent studies we were unable to de- 
tect iNOS mRNA in brain from symptomatic G3C2 mice (I.L. 
Campbell, unpublished observation). Therefore, NO is not 
likely to be involved in the pathogenesis of macrophage/micro- 
glial mediated demyelination in this animal model. 

In many respects, the molecular and cellular pathologic 
manifestations exhibited by the GFAP-IL3 mice show remark- 
able overlap with those in the active plaque lesions of MS. 



Thus, the animal model closely resembles the histopathology 
of acute fulminant MS where there is frequently heavy mac- 
rophage infiltration with minimal perivascular T cell infiltra- 
tion (72). Furthermore, in MS, reactive macrophage/microglial 
cells with increased MHC class II and complement C3 recep- 
tor expression are the predominant cells found at the leading 
edge of demyelinating lesions (4, 56, 60, 73). Consistent with 
their effector role in demyelination, fine structural studies il- 
lustrate macrophages in MS lesions separating and engulfing 
myelin lamellae, as well as the presence of numerous foamy 
macrophages engorged with neutral lipid material (54, 74, 75), 
The presence of intracisternal "pole like" bodies within mac- 
rophages present in active MS plaques appears to represent a 
unique morphological feature of this disorder (54). Interest- 
ingly, almost identical intracisternal inclusions were observed 
in macrophages in white matter lesions in the GFAP-IL3 mice. 
While the identity and function of these unusual structures are 
unknown, the transgenic mice now provide an opportunity to 
establish their nature. Mast cells are known to respond to IL-3 
(13) and were present in white matter lesions in the transgenic 
mice. These cells which are infrequently if at all seen in the 
normal human brain, have been reported in demyelinating MS 
plaques (76). Finally, as discussed above, remyelination which 
was prominent in the transgenic mice is also seen in active MS 
plaque lesions. These similarities between the human and 
transgenic murine demyelinating disorders suggest there may 
be underlying common pathogenetic mechanisms, perhaps in- 
volving IL-3 or a related cytokine. An implication from our 
findings is that one role of the putative autoreactive T cells 
that are thought to contribute to the development of MS (57, 
77), may be to provide a chronic source of macrophage recruit- 
ing and activating cytokines such as IL-3. Although IL-3 and 
other functionally related cytokines such as GM-CSF and 
CSF-1 are known to be produced by activated T cells (13), to 
date we are not aware of any studies that have examined for 
the presence of these cytokines in the active plaques of MS. 
However, in the related experimental disorder of EAE in 
mice, expression of CSF-1 is increased markedly in spinal cord 
before maximal clinical expression of disease (78). Further- 
more, a positive correlation was recently reported between 
myelin basic protein-specific T cell production of IL-3 and the 
encephalitogenic potential of these cells when adoptively 
transferred to susceptible mice (79), 

In conclusion, transgenic mice With low levels of cerebral 
IL-3 expression develop in later life a progressive motor disor- 
der as a result of a vigorous T cell-independent macrophage/ 
microglia-mediated demyelination process. Many of the clini- 
copathologic manifestations of this disorder show a striking re- 
semblance to those observed in human inflammatory demyeli- 
nating diseases, particularly acute fulminant multiple sclerosis, 
suggesting the GFAP-IL3 transgenic mouse is a potentially 
valuable new model to study the role of macrophage/microglia 
in the pathogenesis of CNS demyelinating disease. 
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Abstract 

This study was performed to determine effects of atrial and 
brain natriuretic peptides (ANP, BNP) on neutrophils- 
induced endothelial injury which is known to play a role in 
the pathophysiology of ischemia/reperfusion myocardial in- 
jury and to examine whether the effects of ANP and "BNP 
on neutrophils are modulated by neutral' endopeptidase 
24.11 (NEP) in neutrophils themselves. The incubation of 
human neutrophils with ANP and BNP inhibited the neu- 
trophils-induced detachment of cultured hunian endothelial 
cells (HEC). The inhibitory effect of ANP anil BNP was as- 
sociated with the suppressions of the neutrophils adhesive- 
ness to HEC, CD 18 expression on the neutrophils! and 
elastase release from the neutrophils. Coincubatioa.'with 
UK73967 or phosphoramidon, inhibitors of NEP, potenti- 
ated all of the effects of ANP and BNP on the neutrophil 
functions, and the NEP inhibitors protected degradation of 
ANP and BNP by the neutrophils. NEP enzymatic activity 
in the particulate fractions and immunorefijctive NfiP ex- 
pression were found to increase in the neutrophils from pa- 
tients with early phase of acute myocardial infarction 
(AMI) by 5.2- and by 4.2-fold of the neutrophils frorti pa- 
tients with late phase of AMI, respectively. In an in vivo ca- 
nine model of myocardial ischemia/reperfusion, the intrave- 
nous administration of UK73967 suppressed the neutrophil 
adherence to endothelium and the neutrophil accumulation 
in the ischemic/reperfused myocardium. The results indi- 
cate that ANP and BNP, which are known to increase in 
AMI, modulate the neutrophil functions and exert protec- 
tive effects against the neutrophils-induced ^endothelial cy- 
totoxity. But the effects are suppressed duei'to their degra- 
dation by the neutrophil own NEP. Thus, neutrophil NEP, 
which also increases in AMI, may play a role in the patho- 
physiology of neutrophils-mediated ischemia/reperfusion 
endothelial and myocardial injury. (J. Clin, invest. 1996. 97: 
2192-2203). Key words: atrial natriuretic peptide .. brain 
natriuretic peptide • CD10 • acute myocardial infarction • 
endothelial cells ' 
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Introduction 

Atrial natriuretic peptide (ANP) 1 and brain natriuretic peptide 
(BNP) are the hormones with a wide range of potent biologi- 
cal effects, including natriuresis, diuresis, vasodilations, and in- 
hibitions of the renin-angiotensin-aldosterone system and the 
sympathetic nervous system (1-6). ANP is mainly synthesized 
and secreted from atria in adult mammals, while BNP is se- 
creted mainly from the ventricles (7). We have reported that 
their plasma levels markedly increase in patients with acute 
myocardial infarction (AMI) (8, 9) as well as in those with con- 
gestive heart failure (7, 10). However, the role of ANP and 
BNP in the pathophysiology of AMI remains to be deter- 
mined. Neutral endopeptidase 24.11 (NEP), a membrane ec- 
toenzyme, hydrolyses and inactivates a variety of peptides in- 
cluding ANP and BNP at the amino side of hydrophobic 
amino acids (11-17). NEP is widely distributed in the body and 
is abundant especially in the kidney (11), lung (12), brain (13), 
and neutrophils (14-17). The gene of NEP has been cloned 
and its sequence is shown to be identical to that of a pre-p lym- 
phocyte surface antigen (CD10), the common acute lympho- 
blastic leukemia antigen (CALLA) (18, 19). Earlier studies 
indicated that NEP in neutrophils regulates their own respon- 
siveness to multiple inflammatory peptides including formyl- 
met-leu-phe (FMLP) and substance P (14-16). However, the 
functional significance of neutrophil NEP in myocardial is- 
chemic events also remains unknown at the present time. 

Myocardial ischemia/reperfusion cause coronary vascular 
injury as well as myocardial injury (20-24). Although the 
mechanism by which coronary vascular damage from myocar- 
dial ischemia/reperfusion occurs remains unclear, endothelial 
injury caused by the activated neutrophils has been shown to 
play an important role in this process (25-28). Thus, this study 
was aimed to determine the effects of ANP and BNP on neu- 
trophils-induced endothelial injury and to examine whether 
the effects of ANP and BNP on neutrophils are modulated by 
NEP in neutrophils themselves. 

Methods 

Preparations of neutrophils. Peripheral blood neutrophils were puri- 
fied from citrate-anticoagulated, dextran-sedimented venous blood 
samples from healthy volunteers over Ficoll-Hypaque gradients fol- 
lowed by hypotonic lysis of erythrocytes. The preparations were com- 
posed of > 96% neutrophils by Turk stain (0.01 % of methilrosaniline 
chloride and 1.0% acetic acid), neutrophil alkaline phosphatase and 



1. Abbreviations used in this paper: ANP, atrial natriuretic peptide; 
BNP, brain natriuretic peptide; NEP, neutral endopeptidase 24.11; 
OZ, opsonized zymosan; HUVECs, human umbilical vein endothe- 
lial cells; HAECs, human aortic endothelial cells; MPO, myeloperox- 
idase. 



neutrophil esterase stain, and of > 98% viable cells by the trypan 
blue dye exclusion test. The isolated neutrophils were suspended in 
serum-free Medium 199. Neutrophils (10 6 , 5 x lOVlO 7 cells/ml) were 
incubated for the indicated time with or without ANP or BNP in the 
presence or absence of UK73967 (Candoxatrilat, 50. jimol/liter,. Pfizer 
Central Research), phosphoramidon (50 umol/liter), or HS-142-1 (a 
nonpeptide antagonist for the particulate guanylyl cyclase receptor, 
100 jig/ml, Kyowa-Hakko). UK73967 and phosphoramidon have 
been shown to be a specific inhibitor of NEP (UK73967, NEP: K { = 
14 nmol/liter; Angiotensin converting enzyme: k\ > 10,000 nmoJ/liter. 
Phosphoramidon, NEP: K x = 39 nmol/liter, Aminopeptidase; K- t > 
10,000 nmol/liter) (29-31). Subsequently, Opsonized Zymoau (OZ, 
0.5 mg/ml) or C5a (20 nmol/liter) was added into the incubation mix- 
ture with neutrophils, followed by the further incubation for thp indi- 
cated time at 37°C in the same manner as we reported previously 
(32). The preconditioned neutrophils were examined for the assays of 
elastase release, respiratory burst function, cytosolic free calcium, ad- 
hesiveness to the cultured endothelial cells and toxicity to the endo- 
thelial cells (endothelial detachment) and were also used for the ex- 
aminations of NEP enzymatic activity and surface expression of 
CD18. Neutrophils were also isolated from the- peripheral blood in 
patients with AMI who admitted to our hospital wijthin 12 h after on- 
set of MI. Blood sampling was performed at the adrpission to hospital 
(counted as day 0) and at 7:00 A.M. over 4 wk, on idays 1, 2, 3*;;7, 14, 
21, and 28 after onset of MI. The particulate fraction prepare^ from 
neutrophils in patients with AMI was used for examination of their 
NEP enzymatic activity. When neutrophil surface expression of/NEP/ 
CD10 was examined by fluorescence-activated cell sorter (F^CS®), 
whole blood was directly subjected to the analysis with FACScan® 
(Beckton Dickinson & Co., Mountain View, CA). * 

Respiratory burst function. Production of active oxygen metabo- 
lites during neutrophil activation was measured by "the meth6d of lu- 
minol-dependent chemiluminescence using the Luminescence Reader 
BLR-301 (ALOKA, Japan). The isolated neutrophils frojn the 
healthy volunteers (5 x 10 6 cells/ml) suspended in .1 ml of serum free 
Medium 199 without phenol red were treated withpr without ANP or 
BNP in the presence or absence of UK73967 for l^inin at 37°C? After 
the incubation, luminol (0.1 mmol/liter) was added fp the cuvefte, fol- 
lowed by the addition of OZ (50 u.g/ml) to initiate neutrophil activa- 
tion, and light emission was recorded. ' * ■ 

Neutrophil elastase release. The isolated neutrophils from the 
healthy volunteers (10 7 cells/ml) suspended in 1 ml bf serum-free Me- 
dium 199 without phenol red were treated with or without ANP or 
BNP in the presence or absence of UK73967, phosphoramidon or 
HS-142-1 for 60 min at 37°C. Thereafter, the cells were activated with 
OZ and then pelleted by centrifugation (27,000 g for 20 min). The hy- 
drolytic activity of neutrophil elastase in the harvested supernatants 
was determined using synthetic substrate Suc-Ala^Pro-Ala-pNA as 
reported previously (33). 

Adherence assay. Primary cultures of human Umbilical vein en- 
dothelial cells (HUVECs) and the cultures of human aortic endothe- 
lial cells (HAECs) were confluently grown in 24-^ell plates, .'as we 
showed previously (34), and were used for this st'udy. The isolated 
neutrophils from the healthy volunteers were labeled with 5J Cr using 
the method as reported previously (35, 36). The 5I Gr-labeled neutro- 
phils suspended in serum-free Medium 199 (5 x .lO 6 cells/ml) were 
treated with or without ANP or BNP in the presence or absence of 
UK73967 for 60 min at 37°C and then activated wit|? OZ. Themono- 
layers of cultured endothelial cells were rinsed three times With se- 
rum-free Medium 199 and then incubated with tfce preconditioned 
neutrophils for 20 min at 37°C in 5% C0 2 and 98% humidity. After 
the incubation, the incubation medium was removed and the mono- 
layer of the endothelial cells were washed three times with PBS to re- 
move non-adherent neutrophils, and then remained adherent cells 
were lysed by an overnight incubation with 2 N NaOH (1 ml/well) at 
4°C. The cell lysate was collected and 5I Cr activity in the lysate was 
counted by a Gamma Counter. The adhered neutrophils to the endo- 
thelial monolayers were expressed as a percent of the count in the to- 
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tal neutrophils added to a well. The endothelial cells were not de- 
tached by the 20-min incubation with the neutrophils after any 
preconditions. 

Endothelial detachment. The confluent cultures of HUVECs and 
HAECs grown in 12-well plates were used for the experiment (27, 28, 
37, 38). The isolated neutrophils from the healthy volunteers (10 7 
cells/ml) were treated with or without ANP, BNP, or 8-bromo-gua- 
nosine 3',5'-cyclic monophosphate (8-bromo-cGMP) in the presence 
or absence of UK73967, phosphoramidon or HS-142-1 for 60 min at 
37°C and then activated with OZ. The monolayers of cultured endo- 
thelial cells were rinsed three times with serum-free Medium 199 and 
then incubated with the preconditioned neutrophils at 37°C for 60 
min in 5% CO z and 98% humidity. After the incubation, the de- 
tached endothelial cells and the nonadherent neutrophils were re- 
moved by three times washing with PBS. The remained nondetached 
endothelial cells in each well were harvested by trypsinization. The 
harvested nondetached endothelial cells were stained with Turk stain, 
and the number of nondetached endothelial cells were directly 
counted. The endothelial detachment was expressed as a percentage 
of the number of the nondetached endothelial cells isolated after the 
incubation with the neutrophils-free incubation mixture, which was 
performed in the parallel with the every condition of the incubations. 
There were few detached endothelial cells after the incubation with 
the neutrophils-free medium and variation in the counted number of 
the nondetached endothelial cells after the incubation with the neu- 
trophils-free medium was < 1% among the wells. Thus, counted 
number of the nondetached endothelial cells after the incubation 
with the neutrophils-free medium can be assumed to be the cell num- 
ber originally present in each well. The percent cell detachment was 
therefore calculated: [(the number of nondetached endothelial cells 
after the incubation with the neutrophils-free medium) — (the num- 
ber of nondetached endothelial cells after the incubation with the 
preconditioned neutrophils)] x 100 /(the number of nondetached en- 
dothelial cells after the incubation with the neutrophils-free me- 
dium). To confirm that the cell detachment was due to cell injury and 
death in this system, the detached cells after the incubation with acti- 
vated neutrophils were centrifuged, washed, and replated as de- 
scribed in the text. Fewer than 5% of the cells were capable of replat- 
ing. The lack of viability of the detached cells was also confirmed by 
trypan blue staining of detached cells. 

NEP enzymatic activity. The neutrophils treated with the indi- 
cated agents in 1 ml of cold 25 mmol/liter 2-(N-morpholino)ethane- 
sulfonic acid (Mes) buffer (pH 6.5) were homogenized with the glass 
to glass homogenizer and then sonicated (sonifier 250; Branson 
Corp., D anbury, CT) at 4°C. The suspension was centrifuged at 800 g 
for 15 min at 4°C to remove unbroken cells and nuclear materials. 
The supernatant was then centrifuged at 100,000 g for 60 min at 4°C 
for separation with cytosolic and particulate fractions. The membrane 
pellet (particulate fractions) was resuspended in 25 mmol/liter Mes 
buffer (pH 6.5) containing 0.5% Triton X-100 at 4°C for 90 min with 
continuous mixing. NEP enzymatic activity in the soluble particulate 
fraction and the cytosolic fraction of the isolated neutrophils was 
measured by a two-step spectrofluorometric assay using Glutaryl- 
Ala-Ala-Phe-4-methoxy-2-naphtyl amide (4Meo-2NA) as a substrate 
as reported previously (12, 14, 16, 19, 39). The reaction was per- 
formed in the presence or absence of UK73967, and only the activity 
inhibited by UK73967 was attributed to the NEP activity. 

Immunofluorescence staining and fluorescence-activated cell sorter 
(FACS) analysis. Cell surface NEP expression in neutrophils was 
detected by direct immunofluorescence evaluated by the flow cytom- 
etry. Aliquots of whole blood were pretreated for 5, 15, 30, and 60 
min at 37°C with OZ or C5a, and then fixed in 1% paraformaldehyde. 
A part of whole blood was pretreated with ANP or BNP and then ac- 
tivated with OZ or C5a. After the pretreatments, 100 |xl of the blood 
was incubated for 30 min at 4°C in the dark with saturating concentra- 
tions (5 |xl) of the conjugated murine anti-human CD10/NEP 
(MoAb, J5-FITC; Coulter Immunology, Hialeah, FL) or the nonspe- 
cific IgG2a. After the incubation, the blood was washed in PBS con- 
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taining 1% fetal calf serum (FCS) and 0.1% NaN 3 . Thereafter, ery- 
throcytes in the blood were lysed by adding .2 ml of ice-cold 
erythrocyte-lysing solution (NH4CI 2.08 grams; Na 2 EDTA 0.0108 
grams; NaHC0 3 021 grams in 250 ml H 2 0). The remained leukocytes 
were then rinsed again with PBS containing 1 % FCS and 0.1 % NaN 3 
and analyzed using FACScan. Antigen expression was expressed as 
the mean channel of fluorescence intensity of 10,000 cells. 

Cell surface CD18 of the isolated neutrophils was also detected 
by direct immunofluorescence evaluated by the flow cytometry. The 
isolated neutrophils from the healthy volunteers were resuspended at 
a final concentration of 10 6 cells/ml in serum-free .Medium 199 with- 
out phenol red. Aliquots of cells were then pretreated with or without 
ANP or BNP in the presence or absence of UK73967 at 37°C'fo»10 
min and subsequently incubated with OZ for 10 mirf and then fixed in 
1% paraformaldehyde. After the incubation, the cells were wished 
with PBS containing 1% FCS and 0,1% NaN 3 and. then incubated in 
the dark at 4°C for 30 min with the conjugated murine antijiuman 
CD18 (MoAb, FITC-Conjugated MHM23, DAkQ A/S, Denmark) 
or the nonspecific IgGl at a final concentration of 10 jjl! of MoAb per 
100 |xl of cell suspension. After the cells were washed with PBS con- 
taining 1 % FCS and 0.1% NaN 3 , CD 18 expression on neutrophils was 
analyzed by FACScan. 

Measurement of cCMP levels. The isolated neutrophils from the 
healthy volunteers (10 7 cells/ml) were incubated with ANP (1 nipol/li- 
ter) or BNP (1 nmol/liter) at 37°C for 10 min in the presence or ab- 
sence of UK73967. The incubations were done in the presence of 
3-isobutyl-l-methylxanthine (IB MX; 1 mmol/liter)^.The reaction was 
terminated by the addition of trichloroacetic acid CFpA, final concen- 
tration 6%). The cell mixture was then sonicated: 'After centrifuga- 
tion of the mixture, the supernatant was harvested £nd extracted with 
diethyl ether. After the extraction of TCA, cGMP produced in neu- 
trophils was measured using a standard radioimmunoassay kit ( 125 I- 
cGMP; Amersham). 

Gel filtration analysis of 125 I-ANP hydrolysis byjieutrophils. I25 I- 
labeled a-human ANP (40 pi, 2000 Ci/mmol) was. incubated .for 15 
min at 37°C with or without the activated neutrophils or the particu- 
late fractions prepared from the activated neutrophils in serum-free 
Medium 199 in the presence or absence of UK739$7 (50 u,mol/liter). 
After the termination of the incubation by the addition of EDTA (10 
mmol/liter), the incubation mixture was centrifuged, and the resulting 
supernatant (400 pi) was subjected to the Sephadex G-25 gel filtra- 
tion chromatography (Superfine, 1.2 X 80 cm; Pharmacia) at a flow 
rate of 5 ml/h with 1 ml/tube of the fraction size. The chromatography 
was calibrated with 125 I-labeled standards of ,25 I-ANP, 125 I-Phe-Arg- 
Tyr, free ,25 I in the identical manner. Phe-Arg-Tyr was iodinated as 
reported previously (40). ; i- 

Measurements of cytosolic free calcium in- neutrophils. The concen- 
tration of cytosolic free calcium ([Ca 2+ ]j) in neutrophils was measured 
using the calcium indicator fura 2, as described previously (41-^43). In 
short, the isolated neutrophils (10 6 cells/ml) from the healthy volun- 
teers were incubated with 2 nmol/liter fura 2/AM in phosphate .buffer 
containing 0.1% bovine serum albumin at 37°C for 45 min. After this, 
the neutrophils were washed twice with the incubation medium and 
resuspended at a final concentration of 10 6 cells/ml-.ih phenol red-free 
Medium 199. Thereafter, the loaded neutrophils we're treated with or 
without ANP, BNP and 8-bromo-cGMP in the presence or absence of 
HS-142-1 for 15 min at 37°C. Then, cell suspension (100 \xX) .was di- 
rectly plated onto the tissue culture dish. Immediately after plating, a 
single cell was centered in the measuring field of the microscope pho- 
tometer while it was still in suspension. Continuous monitoring of 
[Ca 2+ ]j was made in a single cell as it began to attach to the dishes. 5 
min after plating of the neutrophils, C5a was added to the medium 
under the continuous monitoring of [Ca 2+ ]j. [Ca 2+ ]j monitoring in a 
single fura 2 loaded neutrophils was continuously -performed by the 
dual excitation micTofluorimetry equipment (ARGUS 50/CA Sys- 
tem, HAMAMATSU, Japan) coupled to an imageiacquisition system 
(Nikon inverted microscope, Nikon, Japan). This, system was also 
equipped with a thermostated chamber allowing the cells to be main- 
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tained at 37°C during the entire experiment. The ratio of the fluores- 
cence (R = F340/F380) was calibrated to express [Ca 2+ ]; using the 
formula, proposed previously (43, 44). 

In vivo animal experiments. Healthy adult beagle dogs (10.O- 
13.0 kg) of either sex were anesthetized with sodium pentobarbital 
(30 mg/kg), intubated, and ventilated with room air by an animal res- 
pirator. The hearts were exposed through a left thoracotomy in the 
fifth intercostal space. The left anterior descending coronary artery 
(LAD) was then exposed and carefully dissected free immediately 
distal to the first major diagonal branch. Regional myocardial is- 
chemia was produced by occluding LAD for 90 min and was followed 
by 2 h of reperfusion. UK73967 (1 mg/kg) and its vehicle were intra- 
venously administered in 7 dogs and 7 dogs, respectively, as a bolus 
twice at 30 min after the LAD occlusion and at the beginning of the 
reperfusion. Blood samples were obtained from femoral vein. Arte- 
rial blood pressure, heart rate, and electrocardiogram were recorded 
continuously. Plasma ANP concentration was measured by radioim- 
munoassay using a commercial kit (Shionoria ANP kit, Osaka, Ja- 
pan). 

After the 2 h of reperfusion, heparin (10,000 units) was given in- 
travenously and then the heart was stopped with an overdose of pen- 
tobarbital and removed from the chest. The left and right coronary 
arteries were cannulated and perfused with cold saline at a pressure 
of 75 mmHg for 30 min. Thereafter, five pieces of myocardial tissue 
samples (300-500 mg) were punched out from both central myocar- 
dial regions perfused by LAD and the left circumflex coronary artery 
(LCx), respectively. A part of each sample was fixed in 10% buffered 
formalin for histologic analysis with light microscopy. The remaining 
part of each sample from the region perfused by LAD was sectioned 
into small cubes and incubated in 0.1% nitroblue tetrazolium (NBT) 
in phosphate buffer at pH 7.4 and 37°C for 15 min to identify the in- 
jured tissue (45, 46). The tissue samples, from LAD region, that 
showed the negative NBT staining (the injured tissue) and the tissue 
samples from LCx region (the control tissue) were analyzed for myo- 
cardial myeloperoxidase activity (MPO) assay. The NBT staining did 
not affect MPO assay (46). Subsequently, each heart was perfused 
with 3% glutaraldehyde at a pressure of 75 mmHg for 30 min, then 
LAD 1 cm distal to the occlusion site and LCx were removed and 
used for the analysis with scanning electron microscopy. 

Assay of myocardial myeloperoxidase (MPO). The enzyme MPO 
is found in the granules of neutrophils and has been used as an indica- 
tor of neutrophil emigration into tissue (45, 47). The injured myocar- 
dial tissue determined by NBT staining and the control tissue were 
homogenized and sonicated in 0.5% hexadecyltrimethylammonium 
bromide (HTAB) in 50 mmol/liter potassium phosphate buffer, pH 
6.0. The mixture was centrifuged at 12,500 g for 30 min at 4°C. The su- 
pernatants were then collected and reacted with 0.167 mg/ml of o-dia- 
nisidine dihydrochloride and 0.0005% H 2 0 2 in 50 mmol/liter phos- 
phate buffer at pH 6.0. The change in absorbance was measured 
spectrophotometrically at 460 nm. One unit of myeloperoxidase is 
defined as the quantity of enzyme hydrolyzing 1 mmol peroxide/ 
min at 25°C. 

Scanning electron microscopy of coronary arteries and light mi- 
croscopy of myocardial tissues. The coronary arteries removed from 
the heart were then placed in 3% glutaraldehyde in 0.1 mol/liter 
phosphate buffer for 24 h, and then the arteries were cut into longitu- 
dinal-sections with razor blades to expose the luminal surface. The 
sections were immersed in 1 % tannic acid (Katayama Chemical Inc., 
Osaka, Japan) in phosphate buffer overnight at 4°C to increase tissue 
reactivity with osmium tetroxide (so-called "conductive -staining"). 
The sections were then rinsed with water for 2 h and fixed with 1 % 
Os0 4 in distilled water for 2 h at 4°C. The specimens were dehydrated 
in ethanol series, infiltrated in 100% t-butanol, frozen, freeze-dried 
by evaporation under vacuum, mounted on aluminum stubs, and 
coated with a 20 to 30 nm layer of platinum alloy in a ion coater (Eiko 
Engineering Inc., Ibaragi, Japan). The specimens were observed at an 
accelerating voltage of 15 kV with a JSM 6400FK scanning electron 
microscope (JEOL Inc., Tokyo, Japan). 



Myocardial tissues from regions perfused by LAD and LCxwere 
fixed in 10% phosphate buffered formalin, embedded in paraffin -sec- 
tioned, and stained with hematoxylin and eosin. 

Antibodies and reagents. a-Human ANP, BNP-32 (Human), and 
Suc-Ala-Pro-Ala-pNA were obtained from Peptide Institute, Inc., 
Minoh, Japan. UK73967 was supplied by Pfizer Central Research, 
Sandwich, UK. HS-142-1 was supplied by Kyowa-Hakko, Tokyo, Ja- 
pan. A mouse anti-human CD10 MoAb (J5-FITQ IgG2a) was ob- 
tained from Coulter Immunology, Hialeah, FL. A mouse anti-human 
CD18 MoAb (FITC-Conjugated MHM23, IgGl) was from DAKO 
A/S, Denmark. cGMP radioimmunoassay kit, 51 Cr, l25 I, and I25 I-labeled 
a-human ANP were from Amersham, Buckinghamshire, UK. Phe- 
Arg-Tyr was from BACHEM, Bubendorf, Switzerland. All reagents 
for cell culture were from GIBCO (Grand Island, NY). Other chemi- 
cals were from Sigma Chemical Co. (St. Louis, MO}. .1 

Statistical analysis. All values were expressed as meanii'SEM. 
Statistical analysis of the data was performed by Student's t Jest for 
paired or unpaired observations. When more than/two groups were 
compared, ANOVA was used. Values were considered to be.stfitisti- 
cally different at P< 0.05. f 
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The inhibitory effects of ANP or BNP on the fneutrophiti func- 
tions and their potentiations by NEP inhibitor. The pretreaiment 
of neutrophils with ANP or BNP inhibited endothelial detach- 
ment by the activated neutrophils in a dose-dependent manner 
(Fig. 1). The adhesiveness of the activated neutrophils' fo the 
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Figure 1. Effects of ANP and BNP in the combination with or/with- 
out UK73967, phosphoramidon or HS-142-1 on the neutrophils- 
induced endothelial cell detachment. The isolated neutrophils from 
the healthy volunteers (10 7 cells/ml) were pretreated with ANP(>1) 
or BNP (£) in the presence or absence of UK73967 (a specific inhibi- 
tor of NEP, 50 ^mol/liter), phosphoramidon (50 u,mol/liter), HS-142-1 
(an antagonist for the particulate guanylyl cyclase receptor, 100-u.g/ 
ml), and the pretreated neutrophils were subsequently activated with 
OZ, and the preconditioned neutrophils were incubated with the 
monolayer of the cultured HUVECs, as described in the text. (A) 
Control, activated neutrophils with no pretreatment; (O) activated 
neutrophils after pretreatment with ANP or BNP; (A) activated neu- 
trophils after pretreatment with ANP or BNP in the presence of HS- 
142-1; (•) activated neutrophils after pretreatment -with ANP or 
BNP in the presence of UK73967; (■) activated neutrophils after pre- 
treatment with ANP or BNP in the presence of phosphoramidon. 
Values are shown as mean±SEM (n ~ 6-10). *P < 0.01 vs. control 
(A); *P < 0.01 vs. activated neutrophils after pretreatment with ANP 
or BNP (O). 
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Figure 2. Effects of ANP and BNP in the combination with or with- 
out UK 73967 on the neutrophils adherence to endothelial cells. 51 Cr- 
labeled neutrophils (5 X 10 6 cells/ml) from the healthy volunteers 
were activated with OZ after pretreatment with ANP (4) or BNP (B) 
in the presence or absence of UK73967 (a specific inhibitor of NEP, 
50 u.mol/liter), and the preconditioned neutrophils were incubated 
with the monolayer of the cultured HUVECs, as described in the 
text. (A) Control, activated neutrophils with no pretreatment; (O) ac- 
tivated neutrophils after pretreatment with ANP or BNP; (•) acti- 
vated neutrophils after pretreatment with ANP or BNP in the pres- 
ence of UK73967 (a specific inhibitor of NEP, 50 njnol/liter). Values are 
shown as mean±SEM (n = 6-10). *P < 0.01 vs. control (A); X P < 
0.01 vs. activated neutrophils after pretreatment with ANP or BNP (O). 



cultured endothelial cells (Fig. 2) and elastase release from the 
activated neutrophils (Fig. 3) were also inhibited by the pre- 
treatment of neutrophils with ANP or BNP in a dose-depen- 
dent manner. Co-incubation of the neutrophils with UK73967 
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Figure 3. Effects of ANP and BNP in the combination with or with- 
out UK 73967 or phosphoramidon on elastase release from the iso- 
lated neutrophils. The isolated neutrophils from the healthy volun- 
teers (10 7 cells/ml) suspended in 1 ml of serum-free Medium 199 
without phenol red were activated with OZ after pretreatment with 
or without ANP (A) or BNP (B) in the presence or absence of 
UK73967 (a specific inhibitor of NEP, 50 fimol/liter), or phosphora- 
midon (PMD, 50 p-mol/liter) for 60 min at 37°C, as described in the 
text. Values are shown as mean±SEM (n = 6-10). *P < 0.01 vs. con- 
trol (activated neutrophils with no pretreatment); i P < 0.01 vs. acti- 
vated neutrophils after pretreatment with ANP (0.1 nmol/liter) alone 
or BNP (0.1 nmol/liter) alone, respectively. 
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Table I. Effects ofANP or BNP on Reactive Oxygen 
Production of Neutrophils A ctivated with OZ 



60 



Treatments 


Integrated count (cpmXlO 3 )* 


piak count (cpmXlO 5 )* 


No pretreatment 


1.1 ±0.1 


0.1 


±o.i* 


OZ alone 


117.8±6.9* 


ii.o 


±0.6* 


ANP+OZ 


114.5±5.2* 


* 10.5 

■. ■ • 


±0.4* 


ANP+UK73967+OZ 


113.9±8.5* 


10.1 


±0.8* 


BNP+OZ 


116.7±3.0* 


10.4 


±0.4* 


BNP+UK73967+OZ 


114.0±6.1* 


10.3 


±0.5* 



Details of the method were described in the text. * Integrated count 
means the sum of chemi luminescence counts integrated for 15 min after 
the activation. *Peak count means the maximal counts within 15 min af- 
ter the activation. Concentrations of ANP, BNP, and UK73967 were 1 
nmol/liter, 1 nmol/liter, and 50 ^mol/liter, respectively. Values are 
shown as mean±SEM (n = 6-10). *P < 0.01 vs. no pretreatment, 



or phosphoramidon potentiated the inhibitory effects o£ ANP 
or BNP on the neutrophils-induced endothelial detachment, 
the adhesiveness of the neutrophils to the endothelial ceBs and 
on the elastase release from the neutrophils (Figs. 1-3). The in- 
hibitory effects of ANP or BNP on the adhesion of neutrophils 
to endothelium and neutrophils-mediated endothelial detach- 
ment and their potentiation by NEP inhibitor were compara- 
ble between the experiments using HUVECs and those' using 
HAECs (data not shown). The pretreatmeni of neutrophils 
with UK73967 or phosphoramidon alone - had no effect on 
elastase release from the activated neutrophils (elastase- activ- 
ity [nmol/h/10 7 cells]: control; 573±10, UK73967 alone; 
570±11, phosphoramidon alone; 569±10, n * 6-10, P =■ NS) 
and also had no effect on the neutrophils adhesion to the en- 
dothelial cells and endothelial detachment by- the neutrophils 
(data not shown). The pretreatment with ANP or BNP had no 
effect on the total and peak chemiluminescence counts .of the 
neutrophils activated with OZ as shown in Table I. 

The studies with flow cytometry showed tliat the pretreat- 
ment of neutrophils with ANP or BNP inhibited CD18 expres- 
sion on the activated neutrophils (Table II). Co-incubation 
with UK73967 potentiated the inhibitory effect of ANP or 
BNP on CD 18 expression on the activated neutrophils. The 



Table II. Cell Surface CDI8 Expression on Isolated 
Neutrophils * .'**: A -\ 


Treatments 


* * *■ 

Mean channel of fluorescence intensity 


No pretreatment 


37.d± 


0.4 : " ; 


OZ alone 


67;J± 


1.2 


ANP+OZ 


58.6± 


1.6* 


ANP+UK73967+OZ 


' 38;o± 


0.3** 


BNP+OZ 


44.7 ± 


0.8* . .1 , 


BNP+UK73967+OZ 


39.0± 


1.0** . 


UK73967+OZ 


67.1 ± 

* * 


1.0 



Cell surface CD18 immunoreactive expression was analyzed iising 
FACScan. Details of the method were described in the text. Concentra- 
tions of ANP, BNP, and UK73967 were 1 nmol/liter, 1 nmol/liter, and 
50 p-mol/liter, respectively. Values are shown as mean±SEM (n = 6- 
10). *P < 0.01 vs. OZ alone; *P < 0.01 vs. ANP+OZ or BNP+OZ. 
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Figure 4. Time courses of NEP/CD10 immunoreactive expression 
and NEP enzymatic activity on the surface membrane of the human 
neutrophils stimulated with OZ or C5a. (A) NEP immunoreactive ex- 
pression. (B) NEP enzymatic activity. (O) Neutrophils activated by 
OZ; (•) neutrophils activated by C5a. Values are shown as 
mean±SEM (n — 6 in each experiment), *P < 0.01 vs. time 0 (before 
activation). 



pretreatment of neutrophils with UK73967 alone had no effect 
on CD18 expression on the activated neutrophils. 

NEP enzymatic activity and immunoreactive expression on 
the surface membrane of neutrophils. NEP enzymatic activity 
in the particulate fraction and NEP/CD10 immunoreactive ex- 
pression on the surface membrane of neutrophils were up-reg- 
ulated within 5 min after the exposure to OZ or C5a (Fig. 4). 
The NEP enzymatic activity and NEP/CD10 immunoreactive 
expression on the surface membrane of neutrophils from the 
peripheral blood in patients with AMI were also up-regulated 
in the early phase of AMI (Figs. 5 and 6), but the NEP expres- 
sions were gradually decreased and returned to the same levels 
of control subjects within 7 d after the MI onset. In contrast 
with the NEP activity in the cell surface membrane, the aCtiv- 
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Figure 5. Time course of human neutrophil membrane NEP enzy- 
matic activity in patients with acute myocardial infarction (AMI). 
Neutrophil NEP enzymatic activity in the particulate fraction of neu- 
trophils from patients with AMI (•, n - 8) and of neutrophils from 
control subjects (O, n — 6). Details of the method were described in 
the text. Values are shown as mean±SEM, *P < 0.05, **P < 0.01 vs. 
control subjects (O). 
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Figure. 6. FACS analy- 
sis of human neutrophil 
NEP/CD10 immuriore- 
active expression in pa- 
tients with acute myo- 
cardial infarction 
(AMI). Details of the 
method were described 
in the text. *P < 0.01 vs. 
28th day after MI onset 
and control subjects (A). 



* , — » 

ity in the cytosolic fraction decreased in neutrophils activated 
with OZ and in those from patients with early phase of AMI as 
shown in Table III. Total NEP activity in the* particulate plus 
cytosolic fractions of neutrophils activated with OZ and of 
neutrophils from patients with early phase of AMI was npt sig- 
nificantly different from that of nonactivated "neutrophils and 
neutrophils in patients with late phase of AMI, respectively 
(Table III). Pretreatment of neutrophils with cycloheximide or 
actinomycin D did not affect the up-regulations of NEP enzy- 
matic activity or immunoreactive expression; on the surface 
membrane of the activated neutrophils (Table IV). Pretreat- 
ment with ANP or BNP did not affect the up-regulation of 
NEP/CD10 immunoreactive expression on the surface .mem- 
brane of the activated neutrophils (mean channel of fluores- 
cence intensity: OZ alone; 54.0+3.8, ANP [1 nmol/liter] + OZ; 

Table III. Neutrophil NEP Activities in the Particulate and 
Cytosolic Fractions 



Samples 



Particulate 



Cytosot 



Tola) activity 



% of total activity % of total activity nmat/min/mg 



No treated 








neutrophils 


21.9±2.4 


78.1±2,5 


8.6+.0.4 


Activated 








neutrophils 


97.0+1.3* 


3.0+0.8* 


8.8+0.1 


Neutrophils in 




** 




late phase of AMI 


18.6±1.8 


81.4+3.4 


9.4«£0.3 


Neutrophils in 








early phase of AMI 


97.2 ±1.4* 


2.8+0.1* 


9.6+0.2 



No treated neutrophils, neutrophils isolated from- healthy volunteers 
were treated without OZ but in the identical manner with neutrophils 
activation with OZ; Activated neutrophils, neutrophils isolated * from 
healthy volunteers were incubated with OZ; Neutrophils in late phase of 
AMI, neutrophils isolated from the peripheral circulation in patients 
with AMI on 28th day after onset; Neutrophils in early phase of AMI, 
neutrophils isolated from the peripheral circulation in patients with 
AMI on the day of the onset. Values are shown as mean+SEM (n = 
6-10). *P < 0.01 vs. no treated neutrophils; % P < 0.01 vs. neutrophils in 
late phase of AMI. 



Table IV. Effects of Cycloheximide or Actinomycin D on the 
NEP Enzymatic Activity and Immunoreactive Expression on 
the Surface Membrane of the Activated Neutrophils 



Treatment 


Mean channel of 
fluorescence intensity 


NEP activity 






nmol/min/mg 


No treatment 


7.9+0.6 


3.3+0.2 


OZ alone 


54.0±3.8* 


8.5+0.3* 


Cycloheximide+ OZ 


53.9+1.8* 


8.6±0.4* 


Actinomycin D+OZ 


53.3+2.2* 


8.7 ±0.2* 



Details were described in the text. No treatment, neutrophils from 
healthy volunteers were treated without OZ but in the identical manner 
with neutrophils activation with OZ; OZ alone, neutrophils from 
healthy volunteers were activated with OZ; Cycloheximide+OZ, neu- 
trophils from healthy volunteers were preincubated with cycloheximide 
(40 u.mol/liter) and subsequently activated by OZ; Actinomycin 
D+OZ, neutrophils from healthy volunteers were preincubated with 
actinomycin D (150 nmol/liter) and subsequently activated by OZ. Val- 
ues are shown as mean±SEM (n = 6 in each experiment). *P < 0.01 vs. 
no treatment. 



54.1±2.1, BNP [1 nmol/liter] + OZ; 53.8±1.8, n = 6 in each 
experiment, P=NS). There were no significant differences in 
the NEP enzymatic activity and NEP/CD10 immunoreactive 
expression in the surface membrane of the neutrophils in early 
phase of AMI between the patients treated with and without 
the infusion of tissue plasminogen activator (data not shown). 

Roles ofcGMP on the effects of ANP and BNP. The incu- 
bation of neutrophils with ANP (1 nmol/liter) or BNP (1 nmol/ 
liter) induced cGMP generation in neutrophils, which peaked 
at 5-10 min and lasted for 30 min after the start of the incuba- 
tion with ANP or BNP, and co-incubation with UK73967 po- 
tentiated the effect of ANP or BNP on cGMP generation (Fig. 
7). The incubation of neutrophils with ANP or BNP in the 
combination with HS-142-1, an antagonist for the particulate 
guanylyl cyclase receptor, attenuated the inhibitory effects of 
ANP or BNP on the endothelial detachment by the activated 
neutrophils (Fig. 1) and on the elastase release from the acti- 
vated neutrophils (elastase activity [nmol/h/10 7 cells]: control; 
573+10, ANP [1 nmol/liter] alone; 430+12,* ANP [1 nmol/li- 
ter] + HS-142-1; 520+15,** BNP [1 nmol/liter] alone; 423+10,* 
BNP [1 nmol/liter] + HS-142-1; 484+12 « n = 6-10, *P < 0.01 
vs. ANP [1 nmol/liter] alone, *P < 0.01 vs. BNP [1 nmol/liter] 
alone, 5 P < 0.01 vs. control). The pretreatment of neutrophils 
with 8-bromo-cGMP inhibited the endothelial detachment 
by the activated neutrophils (Fig. 8) and elastase release from 
the activated neutrophils (elastase activity [nmol/h/lCP cells]: 
control; 573+10, 8-bromo-cGMP [0.1 mmol/liter]; 410+19,* 
8-bromo-cGMP [1 mmol/liter]; 331+17,* n = 6-10, *P < 0.01 
vs. control), mimicking the results obtained from the experi- 
ment using ANP or BNP. 

The effect of UK73967 on 125 1- ANP degradation by neutro- 
phils. After a 15-min incubation of 125 I-ANP with the particu- 
late fraction from the activated neutrophils, 2 main hydrolysis 
products were detected by gel filtration chromatography anal- 
ysis; one corresponds to 125 I-Phe-Arg-Tyr and the other corre- 
sponds to the undetermined degradation product of 125 I-ANP 
presumably cleaved between residues Cys-105 and Phe-106, 
accompanied by a minor peak corresponding to free 125 I (Fig. 
9). When 125 I-ANP was incubated with the activated neutro- 
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Figure 7. Effects of ANP and BNP in the combination with or with- 
out UK73967 on cyclic GMP levels in human neutrophils. Details of 
the method were described in the text. Concentrations of ANP, BNP, 
and UK73967 were 1 nmol/liter, 1 nmol/liter, and 50 ixmol/liter, re- 
spectively. Values are shown as mean±SEM (n — 5 in each experi- 
ment). *P < 0.01 vs. control (nontreated neutrophils); *P < 0.01 vs. 
neutrophils treated with ANP (1 nmol/liter) alone or BNP (1 nmol/li- 
ter) alone, respectively. 

phils, three peaks were also observed and co-incubation with 
UK73967 protected 125 I-ANP against the degradation by the 
activated neutrophils as shown in Fig. 9. v. .* 

The effects of ANP and BNP on [Co 2 * fi guring adhesion 
and at C5a-stimulation in single neutrophils. It has been reported 
that neutrophils attach and spread with significant change in 
[Ca 2+ ]i when suspended neutrophils are placfcd on the- "tissue 
culture dish (41-43). Spontaneous intracellular calcium oscilla- 
tions were observed during the adhesion to the tissue culture 
dish in most of neutrophils. And [Ca 2+ ] i waSs transiently in- 
creased in response to C5a in most of neutrophils. However 
the oscillatory activity during the adhesion and the transients 
of [Ca 2+ ]j in response to C5a were not observed in all neutro- 
phils examined. These observations were in agreement with 
previous reports (41-43). Table V shows that the percentages 
of number of the oscillatory neutrophils during adhesidn and 
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Figure 8. Effect of 8-bromo-cGMP on the endothelial detachment by 
the activated human neutrophils. Details of the method were de- 
scribed in the text. Values are shown as mean±SEM (n = 6-10). * 
*P < 0.01 vs. control (the activated neutrophils without pretreatment 
with 8-bromo-cGMP). 
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Figure 9. Effect of 
UK73967 (a specific in- 
hibitor of NEP) on I25 I- 
ANP degradation by 
the activated human 
neutrophils. (A) Radio- 
chromatograms of 125 I- 
ANP after the incuba- 
tion with the neutro- 
phils-free medium for 
15 min at 37°C. (B) 125 I- 
ANP after the incuba- 
tion with the particu- 
late fraction from the 
activated neutrophils 
for 15 min at 37°C. (C) 
125 I-ANP after the incu- 
bation with the acti- 
vated neutrophils for 
15 min at 37°C. (£>) 125 I- 
ANP after the incuba- 
tion with the activated 
neutrophils for 15 min 
at 37°C in the presence 
of UK73967 (a specific 
inhibitor of NEP, 50 n,mol/liter). When 125 I-ANP was incubated with 
the particulate fraction of the activated neutrophils or the activated 
neutrophils, three peaks were observed, and co-incubation with 
UK73967 protected I25 I-ANP against the degradation by the acti- 
vated neutrophils. 



the responding neutrophils to the C5a-stimulation were 
changed by the pretreatments and the changes in response to 
each of the pretreatments were in parallels with those of the 
peak [Ca 2+ ]j response to the pretreatments. The pretreatment 
with ANP or BNP reduced both the oscillatory activity of 
[Ca 2+ ]j during the adhesion and the transients in [Car 2 "^ in re- 
sponse to C5a stimulation with regards to the amplitude of the 
peaks, as shown in Table V. Co-incubation of the neutrophils 
with HS-142-1 attenuated the inhibitory effects of ANP or 
BNP on the peaks in [Ca 2+ ]i (Table V). The pretreatment of 
neutrophils with 8-bromo-cGMP inhibited the oscillatory ac- 
tivity during the adhesion and the transients in [Ca 2 """^ at the 
C5a-stimulation, mimicking the results obtained from experi- 
ments using ANP or BNP (Table V). 

In vivo animal experiments. Plasma level of ANP in dogs 
was increased at 30 min after the LAD occlusion (9.3±2.1 pg/ 
ml at baseline vs. 147±35 pg/ml at 30 min after the LAD occlu- 
sion, P < 0.05). Plasma level of ANP at 30 min after the first 
injection of UK73967 or vehicle was significantly higher in 
dogs with UK73967 treatment than in those without UK73967 
treatment (695±135 pg/ml with UK73967 vs. 167±40 pg/ml 
without UK73967, P < 0.05). NEP immunoreactivity and en- 
zymatic activity were found to exist in the isolated neutrophils 
from the dogs by the same methods as used in the human neu- 
trophils, described in the Methods section, and the immunore- 
activity and the enzymatic activity in the dog neutrophils were 
also up-regulated with C5a-stimulation by 2.6- and 2.2-fold of 
those at baseline, respectively (cell surface immunoreactive 
NEP/CD10 expression by flow cytometry at baseline, 5.4±0.3 
mean channel fluorescence intensity. NEP activity at baseline, 
0.1 ±0.03 nmol/min/mg protein). Furthermore, the enzymatic 
activity in the dog neutrophils from the peripheral circulation 
was also increased after the myocardial ischemia/reperfusion 
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Table V. Effects of ANP and BNP on Peak of[Ca 2 +]i during Adhesion and at C5a-Stimulation in Single Neutrophils 



Peak (Ca 2+ ]j (nmol/L) 



Pretreatments 




During adhesion 


At CSa-Stimulation 




• 


■ No.oscillatory cells/ 


No.responding cells/ 




* 


No.celb studied, % 


No.cells studied, % 


No pretreatment 




232±11 (15/20,75%) 


311±12 (14/19, 74%) 


ANP 




157±10* (10/24, 42%) 


176±10* (9/22,41%) 


BNP 


*. 

' .K 


I52± 15* (10/23,43%) 


170±12* (10/23,44%) 


ANP+HS-142-1 


\ 


2G7±12* (16/22, 73%) 


288±15* (17/24, 70%) 


BNP+HS-142-1 


i 


199±15* (15/22, 68%) 


281±13« (13/21,61%) 


8-bromo-cGMP[0.1 mmol/L] 


* -i 


190*11* (9/1 8, 50%) 


232±10* (11/19,58%) 


8-bromo-cGMP[l mmol/L] 


* 


167±12*(8/19,42%) 


213±12* (9/19, 47%) 



Values within parentheses are number of the oscillatory cells during adhesion and the responding cells at C5a-stimulation and all neutrophils studied. 
Peaks in [Ca 2+ ]j during adhesion and at C5a-stimuIation were statistically analyzed and shown in this Table in the cells that showed the oscillatory ac- 
tivity and the transients of [Ca 2+ ]j in the respective conditions. Concentrations of ANP, BNP, and HS-142-1 were 1 nmol/liter, 1 nmol/liter, and 100 
u,g/ml, respectively. Values of peak {Ca 2+ ]j (nmol/liter) were taken from ten different preparations of neutrophils and are shown as mean±SEM. 
*P < 0.01 vs. no pretreatment; % P < 0.01 vs. ANP; *P < 0.01 vs. BNP. 



by 2.1-fold of that at baseline. MPO activity; an indicator of 
neutrophils accumulation, in the ischemic/reperfused myocar- 
dial region was significantly lower in dogs with.'UK73967 treat- 
ment than in those without UK73967 treatment, as shown in 
Fig. 10. The study with light microscopy showed that there 
were numerous neutrophils infiltrates within vascular lumens 
and in the inters titium from dogs without UK73967 treatment, 
whereas there were only rare neutrophils present in capillaries 
and in the interstitium from dogs with UK73$67 treatment, as 
shown in Fig. 11. The study with scanning electron microscopy 
showed that there were numerous neutrophils adhered "to the 
coronary arterial endothelium from dogs without* UK73967 
treatment, whereas there were only occasional neutrophils ad- 
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Figure 10. Effect of UK73967 treatment on cardiac.'MPO activity in 
an in vivo canine model of myocardial ischemia/reperfusion. Re- 
gional myocardial ischemia was produced by occluding LAD for 90 
min and was followed by 2 h of reperfusion, UK73967 (1 mg/kg) (n = 
7 dogs) or its vehicle (n = 7 dogs) was intravenously administered as 
a bolus twice during the myocardial ischemia/reperfusion experi- 
ments. The myocardial tissues were taken from the regions injured by 
the ischemia/reperfusion (Injured Tissue) and the normal perfused 
region (Control Tissue) and were subjected to the assay of MPO ac- 
tivity. Values are shown as mean±SEM. - ,; 



hered to the endothelium from dogs with UK 73967 treatment, 
as shown in Fig. 12. 

Discussion 

The present study showed that ANP and BNP at the concen- 
trations of 0.1-10 nmol/liter inhibited the detachment of the 
cultured endothelial cells by the neutrophils and the adhesive- 
ness of the neutrophils to the endothelial cells. The present 
study also showed that the inhibitory effects of ANP and BNP 
were associated with the suppressions of CD18 expression on 
the neutrophils and of elastase release from the neutrophils. 
CD 18 expression and elastase release of neutrophils are well- 
known to have important roles in the adhesion of neutrophils 
to the endothelium and subsequent endothelial injury (27, 28, 
48, 49). Furthermore, we have previously shown that CD18 ex- 
pression on the neutrophils and elastase release from the neu- 
trophils play an essential role in the adhesion of the neutro- 
phils to the endothelium and neutrophils-induced endothelial 
cytotoxity (32). Therefore, the suppressions of CD18 expres- 
sion and of elastase release by ANP and BNP may at least 
partly contribute to the inhibitory effects of ANP and BNP on 
neutrophils adhesion and cytotoxity to the endothelial cells. 
Although the exact mechanisms responsible for the suppres- 
sion on the neutrophil functions by ANP and BNP still remain 
to be elucidated, cGMP produced in neutrophils by ANP and 
BNP via particulate guanylyl cyclase may play a role in the 
mechanism of the suppressive effects of ANP and BNP. Be- 
cause the present study also demonstrated that HS-142-1, an 
antagonist for the particulate guanylyl cyclase receptor (50, 
51), attenuated the suppressive effects of ANP and BNP, and 
the present study showed that 8-bromo-cGMP also inhibited 
the neutrophils-induced endothelial detachment and elastase 
release from the neutrophils, mimicking the effects observed 
with ANP and BNP. Thus, it could be assumed that cGMP ele- 
vated by ANP and BNP may affect the intracellular processes 
for the functional alterations in neutrophils during activation 
with OZ or C5a. Furthermore, the present study showed that 
ANP and BNP suppressed both of the oscillatory activity of 
[Ca 2+ ]i during the adhesion and the transients in [Ca 2+ ] i in re- 
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Figure 11. Light micrographs of 
the ischemic/reperfused myocar- 
dial tissues in an in vivo canine 
model. (A and B) Light micro- 
graphs of ischemic/reperfused 
myocardium from the dog with- 
out UK73967 treatment. Intense 
accumulation of neutrophils in 
the microvessels and the trans- 
migration of neutrophils were 
apparent in the myocardium in- 
jured by ischemia/reperfusion 
(A y X 200, B, X 400). (C and D) 
Light micrographs of ischemic/ 
reperfused myocardium from 
the dog with UK73967 treat- 
ment. Neutrophil accumulation 
in the microvessels and the ex- 
travascular neutrophils were 
much less as compared with A 
and B (C, X 200; D, X 400). 
Findings showing in A-D are 
representative of those ob- 
served in the ischemic/reper- 
fused myocardium of the dogs 
treated with or without 
UK73967. 



sponse to C5a-stimulation in neutrophils. These suppressions 
also appear to be mediated by cGMP since HS- 142-1 attenu- 
ated the suppressive effects of ANP and BNP. on [Ca? + ]j, and 
8-bromo-cGMP exhibited mimicking effects qr> [Ca 2+ ] j in neu- 
trophils as observed with ANP and BNP. A rise in [CaP+Jj has 
been implicated to have a regulatory role in various functions 
including adherence and elastase release in the neutrophils at 



rest and at the agonists-stimulation (41—43). Thus, cGMP- 
mediated inhibition of intracellular calcium mobilization may 
be at least partially involved in the mechanisms by which ANP 
and BNP suppressed the neutrophil functions. Previous studies 
showed that cGMP inhibits the receptor-mediated intracellu- 
lar signaling pathway leading to increase in [Ca 2+ ] i at the levels 
of protein kinase C (PKC) or G protein in various types of 





Figure 12. Scanning electron mi- 
crographs of the luminal surface of 
the ischemic/reperfused coronary 
arteries in an in vivo canine model. 
(A) Scanning electron micrograph 
of the ischemic/reperfused coro- 
nary arteries from the dog with 
UK73967 treatment. There were 
only occasional neutrophils ad- 
hered to the endothelium (Bar, 10 
ftm). (B) Scanning electron micro- 
graph of the ischemic/reperfused 
coronary arteries from the dog 
without UK73967 treatment (Bar, 
10 ^m). There were numerous 
neutrophils adhered to the coro- 
nary arterial endothelium. (B, in- 
set) Higher magnification illus- 
trates neutrophils adhered to the 
endothelium (Bar, 60 urn)- Find- 
ings shown in A and B are repre- 
sentative of those observed in the 
ischemic/reperfused coronary ar- 
teries of the dogs treated with or 
without UK73967. 
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cells (52, 53), however, the exact role of cGMP in the signaling 
pathway in neutrophils is controversial (54-56). Thus, it re- 
mains undetermined at the present time which levels of the sig- 
naling pathways leading to increase in [Cac 2 " 1 "^ in neutrophils 
may be affected by ANP and BNP. The effects of ANP and 
BNP on the neutrophil functions seems to be selective, be- 
cause ANP and BNP had no effect on the respiratory burst ac- 
tion. It has been shown that there may be tw.p distinct, signal 
transduction pathways for the activation of; the respiratory 
burst: one is Ca 2+ -dependent and leads to PKC activation; the 
other is Ca 2+ -independent and does not involve phosphalipase 
C or PKC (57). It is thus possible that the Ga* + -independent 
pathway may remain functional for the activation of the respi- 
ratory burst in the neutrophils treated with ANP and BNP. 

We have previously shown that plasma levels of ANP and 
BNP increase to the concentrations of 0.01-0.03 nmol/liter and 
0.03-0.1 nmol/liter, respectively, in the peripheral blood and to 
the concentrations of 0.3-0.6 nmol/liter and 0:8-2.0 nmol/liter, 
respectively, in the coronary sinus blood in parents with AMI 
(8). We have also reported that intravenous Infusion of ANP 
or BNP improves left ventricular function in patients with con- 
gestive heart failure by the mechanisms of vasodilatation and 
natriuretic action (58, 59). Furthermore, we have previously 
demonstrated that intracoronary infusion of BNP dilates/coro- 
nary arteries in vivo humans (60). Thus, ANP £nd BNP appear 
to exert the beneficial effects on cardiac hemodynamics.. Myo- 
cardial ischemia/reperfusion in AMI causes nbt only myocar- 
dial injury but also coronary vascular injury^which results in 
further myocardial damage. It has been shown ihat neutrophils 
play a role in those setting, and that the adhesion of neutro- 
phils to coronary endothelium and the subsequent endothelial 
injury by neutrophils are important steps in tfie coronary vas- 
cular injury occurring in the condition of myocardial ischemia 
and reperfusion in AMI. Therefore, considering our previous 
reports and the present results showing that ANP and BNP at 
the concentrations elevated in the coronary or peripheral cir- 
culations in patients with AMI inhibit neutrophils-induced en- 
dothelial injury, ANP and BNP elevated in tK6 coronary^circu- 
lation and in the circulatory peripheral plasma in patients with 
AMI could exert protective actions on the neutrophils-induced 
coronary vascular injury and could lead to salvage ischemic 
myocardium. \ 

NEP has been shown to exist on the surface membrane of 
neutrophils and hydrolyze ANP and BNP. The present/study 
demonstrated that NEP expression was up-regulated on the 
surface membrane of neutrophils activated with OZ or C5a 
and on that of the circulating neutrophils in the patients with 
early phase of AMI. Furthermore, the present study also>dem- 
onstrated that the activated neutrophils induced ANP degra- 
dation which was attenuated with UK73967, a'specific NEP in- 
hibitor. The present study also showed thaft the inhibitory 
effects of ANP and BNP on the functions of tlie activated neu- 
trophils were potentiated with NEP inhibitors'! Therefore,' the 
present results indicate that ANP and BNP exert protective ef- 
fects against the neutrophils-induced endothelial injury, but 
the effects are suppressed by neutrophil NE£ which also in- 
creases after their activation with OZ or C5a or in AMI. In this 
context, NEP inhibitors might have a rationale 7 for therapeutic 
agent preventing neutrophils-induced endothelial injury in 
AMI. In fact, the present in vivo dog experiment showed that 
UK73967 treatment suppressed both the adhesion to endothe- 
lium and the accumulation of neutrophils iri^the ischemic/re- 

• , *. 
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perfused coronary vasculature and myocardial tissue. These 
inhibitory effects of UK73967 in vivo treatment on neutrophil- 
related activities (adherence to coronary vascular endothe- 
lium, accumulation in the vasculature and myocardial tissue) 
were at least partially mediated by the inhibition of neutrophil 
NEP since, the present in vivo dog experiment also showed 
that NEP was expressed in dog neutrophils and up-regulated 
in the circulated peripheral dbg neutrophils after the myocar- 
dial ischemia/reperfusion and in the isolated dog neutrophils 
after C5a activation. The present and other studies with in vivo 
human and animals show that levels of ANP in the peripheral 
circulation were increased after systemic administration of 
NEP inhibitor (61, 62). Thus, NEP inhibitor might inhibit neu- 
trophils-mediated endothelial and myocardial injury and im- 
prove cardiac hemodynamics through the effect of ANP and 
BNP increased locally on the surface of neutrophils and sys- 
tematically in the peripheral circulation by inhibition of NEP 
in neutrophils and in other organs. 

The present results are in agreement with the previous re- 
ports by Shipp et al. and other workers showing that the re- 
sponses of neutrophils to inflammatory peptides including 
FMLP and substance P were influenced by NEP in neutrophils 
themselves (14-16). A report showed that ANP weakly en- 
hanced respiration burst activity and granule release in neutro- 
phil response to FMLP (63). The stimulative effects of ANP on 
neutrophils, in that report, were independent of cGMP and 
were not affected by NEP in neutrophils themselves, which are 
in contrast with the results in the present study and in other pa- 
pers (14-16). The reason for the discrepancy is unclear, but the 
difference in the incubating conditions and in the stimulations 
tested may be one of the possible reasons. They suspended 
neutrophils in Hanks' balanced salt solution (HBSS) while we 
and other workers used the culture medium such as RPMI and 
Medium 199 which are more physiological than HBSS. When 
they incubated neutrophils in culture medium of RPMI for 
chemotaxis assay instead of HBSS which was used for the 
other assays of the respiration burst activity and the granule 
release in the report, they showed that ANP did inhibit chemo- 
tactic activity of neutrophils in response to FMLP. 

As suggested in the present study, neutrophils in patients 
with AMI might reduce the responses to a variety of NEP de- 
gradable peptides such as endothelin and bradykinin so on (64, 
65). However, the exact mechanisms for the up-regulation of 
NEP in the surface membrane of neutrophils in patients with 
AMI remains undetermined in the present study. There are a 
number of reports showing that neutrophils present in the in- 
jured myocardium as well as in the circulation in AMI are on 
the state of activation (66). In the present in-vitro experiment, 
we used OZ for the neutrophils activation since OZ is a potent 
activator of the alternative pathway of complements, and the 
activation of the complement system has been shown to play a 
role in the neutrophils-induced myocardial injury in AMI (67, 
68). In fact, the complement C5a was reported to be produced 
during myocardial ischemia and reperfusion via activation of 
neutrophils (67). And further, the present study showed that 
up-regulation of NEP expression was induced by OZ in neu- 
trophils in the comparable magnitude observed with that by 
C5a and in early phase of AMI. Thus, complements-induced 
up-regulation of NEP may be one of the possible mechanisms 
for the increase expression of neutrophil NEP in AMI. The 
present study showed that up-regulation of NEP expression on 
the surface membrane of neutrophils after activation with OZ 
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seems to be independent on the de-novo protein synthesis and 
mRNA transcription because cycloheximide and actinbmycin 
D were ineffective on the NEP up-regulation on the activated 
neutrophils. The increase in particulate NEP activity was asso- 
ciated with the decrease in the cytosol NEP activity without 
changes of total NEP activity in the neutrophils activated with 
OZ. The similar response of the intracellular NEP activities 
was observed with neutrophils from patients with early phase 
of AMI, comparing with neutrophils from patients with late 
phase of AMI and from control subjects. These present find- 
ings indicate that the up-regulation of NEP expression on the 
surface membrane of neutrophils after activation with QZ and 
of those from patients with AMI may be caused by the translo- 
cation of NEP to the plasma membrane from the intracellular 
compartments, supporting the results reported" by Werfel et al. 
(69) who used C5a for the neutrophils activation. 

In conclusion, ANP and BNP, which increase in * AMI, 
modulate the neutrophil functions and exert protective effects 
against the neutrophils-induced endothelial cytotoxity . at the 
physiological concentrations. But the effects' are suppressed 
due to their degradation by the neutrophil own NEP: Thus, 
neutrophil NEP, which also increases in AMI, may playia role 
in the pathophysiology of ischemia/reperfusioji myocardial in- 
jury. - 
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Abstract 

The success of orthotopic liver transplantation is dependent 
on multiple factors including MHC tissue compatibility and 
ischemic/reperfusion injury. Ischemic/reperfusion (I/R) in- 
jury in the liver occurs in a biphasic pattern consisting of 
both acute phase (oxygen free radical mediated) and sub- 
acute phase (neutrophil-mediated) damage. Although nu- 
merous studies have given insights into the process of neu- 
trophil recruitment after I/R injury to the liver, the exact 
mechanism that initiates this subacute response remains 
undefined. Using a T cell-deficient mouse model,' we 
present data that suggests that T-lymphocytes are key me- 
diators of subacute neutrophil inflammatory responses in 
the liver after ischemia and reperfusion. To this end, using a 
partial lobar liver ischemia model, we compared the extent 
of reperfusion injury between immune competent BALB/c 
and athymic nu/nu mice. Studies evaluating the extent of 
liver damage as measured by serum transaminases (GPT) 
demonstrate similar acute (3-6 h) post-I/R responses in 
these two mouse models. In contrast, the subacute phase 
(16-20 h) of liver injury, as measured by both serum GPT 
levels and percent hepatocellular necrosis, was dramatically 
reduced in T cell-deficient mice as compared with those 
with an intact immune system. This reduction in liver injury 
seen in nu/nu mice was associated with a 10-fold reduction 
in hepatic neutrophil infiltration. Adoptive transfer -of T 
cell-enriched splenocytes from immune competent mice 
was capable of reconstituting the neutrophil-mediated. sub- 
acute inflammatory response within T cell-deficient nu/nu 
mice. Furthermore, in vivo antibody depletion of CD4 + 
T-lymphocytes in immune competent mice resulted in a re- 
duction of subacute phase injury and inflammation as mea- 
sured by serum GPT levels and neutrophil infiltration. In 
contrast, depletion of CD8 + T-lymphocytes had no effect on 
these indexes of subacute inflammation. Kinetic analysis of 
T cell infiltration in the livers of BALB/c mice demonstrated 
a fivefold increase in the number of hepatic CD4 + T-lym- 
phocytes within the first hour of reperfusion with no signifi- 
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cant change in the number of CD8 + T-lymphocytes. In 
summary, these results implicate CD4 + T-lymphocytes as 
key regulators in initiating I/R-induced inflammatory re- 
sponses in the liver. Such findings have implications for 
therapy directed at the early events in this inflammatory 
cascade that may prove useful in liver transplantation. (/. 
Clin. Invest. 1997. 100:279-289.) Key words: ischemia • reper- 
fusion • liver • T-lymphocytes • CD4 

Introduction 

Ischemia/reperfusion (I/R) l -mediated injury has been studied 
in a number of clinically relevant diseases such as myocardial 
infarction, cerebrovascular diseases, and peripheral vascular 
diseases. With the advent of whole organ transplantation, re- 
search in the area of I/R injury has been extended to include 
the commonly transplanted organs kidney, liver, pancreas, and 
lung. In the liver, I/R injury has been demonstrated to occur in 
a biphasic pattern: an initial acute phase characterized by 
hepatocellular damage at 3-6 h and a subacute phase charac- 
terized by massive neutrophil infiltration at 18-24 h (1-6). The 
essential role of neutrophils in the inflammatory phase is sup- 
ported by studies that demonstrate beneficial effects of neutro- 
phil depletion using CDllb/CD18 monoclonal antibodies (2, 
7, 8). These studies also support the notion that neutrophil re- 
cruitment and/or endothelial damage may also play an impor- 
tant role in perpetuating hepatic injury after I/R. Although nu- 
merous studies have given insight into the process of leukocyte 
recruitment after I/R injury in the liver, the exact mechanisms 
that initiate this response remain undefined. 

The recruitment of neutrophils after reperfusion likely re- 
sults from a complex series of ischemia-induced cellular 
changes in the liver and vasculature that serve to alter the ad- 
herent characteristics of neutrophils. Many ischemia-induced 
changes have been hypothesized to play a role in neutrophil 
recruitment and the perpetuation of I/R injury including: (a) 
the release of chemoattractants (such as oxygen free radicals) 
from ischemically damaged endothelium or hepatocytes (9, 
10), (b) Kupffer cell and/or hepatocyte-derived production of 
inflammatory mediators such as TNF (11, 12), IL-1 (13, 14), 
and platelet-activating factor (15), (c) cellular changes in mi- 
crovascular expression of surface antigens such as intercellular 
adhesion molecule (ICAM) and MHC class II (16), (d) vascu- 
lar-associated damage creating a "no-reflow" phenomena that 
may trap neutrophils and further produce a second wave of is- 
chemia (17), and/or (e) the release of superoxides by activated 
neutrophils that serve to perpetuate chemoattraction of in- 



1. Abbreviations used in this paper: I/R, ischemia/reperfusion; ICAM, 
intercellular adhesion molecule; Tc, T-cytotoxic; Th, T-helper. 
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flammatory cell types (9, 10). Numerous studies suggest that 
oxygen free radical formation after reoxygenation of the liver 
may initiate the cascade of hepatocellular injury, necrosis, and 
subsequent inflammatory infiltration (17-20). For example, 
studies aimed at reducing reactive oxygen species after I/R in- 
jury, with xanthine oxidase inhibitor allopurinol and exoge- 
nous free radical scavengers such as SOD and catalase, have 
demonstrated beneficial effect (21-25). However, the source 
and mechanism of these free radicals remains controversial 
and may involve Kupffer cells, hepatocytes, extracellular xan- 
thine oxidase in the acute phase, and neutrophils at the inflam- 
matory stage (26-29). ^ 

The ambiguity in the field as to the mechanisms of I/R- 
induced liver injury results from a lack of understanding of the 
pathophysiological^ relevant primary inciting events that lead 
to the subacute inflammatory responses and the ultimate de- 
cline of liver function. T-lymphocytes have been demonstrated 
to be key cellular mediators of granulocytic inflammatory re- 
sponses through several secreted cytokines including TNFct, 
IFN7, IL-4, and GM-CSF (30). These cytokines regulate pro- 
liferation, accumulation, and attraction of granulocytes to the 
site of injury. T cells are divided into three categories including 
T-helper (Th), T-cytotoxic (Tc), and T-suppressor (Ts) cells. 
Th cells are in turn subdivided into two categories based on 
their functional pattern of secreted cytokines; Thl cells secrete 
IL-2 and IFN-y, but relatively little IL-4 or IL-5, whereas Th2 
cells secrete and IL-5, but little IL-2 and IFN7 (30). To 
better define the mechanisms of leukocyte recruitment in the 
liver after I/R, we sought to investigate the involvement of 
T-lymphocytes in this recruitment process. We reasoned that 
by comparing I/R responses in the liver between nu/nu and 
syngeneic immune competent mice, we would be able to study 
those responses that are specifically due to T cell functions. To 
this end, we compared pathophysiologic endpoints of hepato- 
cellular and immune responses after lobar-induced I/R injury 
in the liver between nu/nu and BALB/c mice. These studies 
implicate T cell lineages in the progression of acute I/R injury 
to subacute inflammatory stages of leukocyte recruitment. 

Methods 

Mouse model of lobar I/R injury. Two mouse models including BALB/c 
and nu/nu mice (Harlan Sprague-Dawley Inc., Indianapolis, IN) were 
evaluated for I/R injury responses in the liver. Male (25 g) mice were 
anesthetized with ketamine/xylazine and a laparotomy was per- 
formed to expose the liver. After surgical exposure of the liver, mice 
were injected with heparin (100 ^g/kg) to prevent clotting of blood at 
long time points of ischemia. The medial largest lobe of the liver was 
clamped at its base using a microaneurysm clamp followed by place- 
ment of the liver and clamp back into the peritoneal cavity for 3, '60, 
or 90 min. Sham surgeries were performed on anesthetized and hep- 
arinized animals for which the liver was not clamped. 3-min ischemic 
time points were performed to control for any nonspecific hepatocel- 
lular damage induced by clamping, which was unassociated with long 
periods of ischemia. All animals remained anesthetized for a total of 
90 min to control for any effects of anesthesia. After surgically imple- 
mented ischemia, the abdominal wall was sutured with two layers and 
the animals were returned to their cages. A total of four serial 12-25 
\x\ retro-orbital bleeds were performed on each animal at various 
time points including 0, 3, 6, 12, 16, 20, and 36 h postreperfusion, and 
serum was collected immediately by centrifugation and stored on ice. 
Although the number of bleeds for any one animal was limited to 
four, all animals were bled at 0 h to obtain an accurate baseline. After 



completion of the experiment, serum GPT levels were measured us- 
ing a microkinetic assay (200 total volume; Sigma Chemical Co., 
St. Louis, MO). Typically assays were performed with 6 ui of serum 
for preischemic and 2 p.1 for postischemic time points. Assays were 
based on a variation of Sigma Chemical Co. kits to accommodate the 
small volumes of serum in which the change in 00340^ was assessed 
in a 96-well microtiter plate reader (Molecular Dynamics, Sunnyvale, 
CA). Serum standards were used to assess the linearity of the assay 
and to convert values to international units per liter GPT. In total, 6-10 
animals were evaluated at each time point of ischemia, and enzyme 
assays were performed in duplicate. Livers were harvested after the 
20- or 36-h bleeds and divided into ischemic and nonischemic lobes. 
All tissues were divided into regionally identical quadrants that were 
either frozen directly in ornithine carbamyl transferase or fixed in 
formalin. The extent of liver damage as indicated by hepatocellular 
necrosis was confirmed by blinded morphometric assessment in par- 
affin sections (4 jim) using a Leica DMR image analysis system to de- 
termine the percent necrotic area in liver sections. In these studies, 
the area of necrosis was traced by computer-assisted morphometry 
and the percentage of necrosis calculated from the total micrometer 2 
area of the tissue section. In total, four sections were analyzed for 
each ischemic lobe tissue sample (n = 4 independent animals for each 
experimental point). Nonischemic lobes, which demonstrated no sig- 
nificant necrosis, except for infrequent focal areas at the surface of 
the liver due to surgical manipulation, were not included in this anal- 
ysis. All statistical comparisons were performed using the Student's t 
test with significance inferred by P < 0.05. 

Purification of T cell-enriched populations from splenocytes. 
Mononuclear cell suspensions were generated from spleens of im- 
mune competent BALB/c mice. Freshly isolated spleens were placed 
in complete RPMI (Hepes) media containing 10% FCS and cells re- 
moved by blunt dissection and scraping through a metal mesh. Cell 
aggregates were further separated by filtration through a 200-^.m 
mesh nylon screen. Splenic cells were collected by centrifugation and 
the red blood cells were removed by hypertonic lysis in NH4CI for 5 
min (31). Mononuclear cells were harvested by centrifugation and 
washed three times in 10% FCS containing media. T cell enrichment 
was performed using nylon wool column chromatography as previ- 
ously described (31). Briefly, sterile nylon wool (Fisher Scientific Co., 
Santa Clara, CA) packed columns were equilibrated in complete 
RPMI media and mononuclear cell fractions incubated on the col- 
umn for 1 h at 37°C in 5% C0 2 . Nonadherent cells (predominately T 
cells) were then eluted in 15 ml complete media and collected by cen- 
trifugation. The percentages of CD4 + and CD8 + T cells were assessed 
in nylon wool T cell-enriched fractions by flow cytometry. In these 
studies, 5 X 10 5 cells from the nylon wool column were washed once 
with 5% FCS/PBS and resuspended in the same buffer containing 1 
jig of PE anti-mouse CD4 and FITC anti-mouse CD8 antibodies 
(PharMingen, San Diego, CA) for 2 h at 4°C. Stained cells were 
washed three times in 5% FBS/PBS, analyzed by flow cytometry. 

Adoptive transfer of T cells into nu/nu mice. T cell-enriched sple- 
nocyte fractions composed of > 80% T cells as indicated by CD4 and 
CD8 FACS® analysis (Becton Dickinson & Co., Mountain View, CA) 
were injected into nu/nu mice by subcapsular splenic injection 5 d be- 
fore I/R experiments. Two experimental protocols were performed in 
which a total of either 2 x 10 5 or 2 x 10 6 cells resuspended in PBS 
were injected in each animal. Because the lower dose of T cells gave 
no experimental response, the data presented in this report repre- 
sents only that from the higher dose (n = 6). All animals were sub- 
jected to 60 min of lobar ischemia followed by reperfusion. Blood was 
drawn at 0, 6, and 20 h post-I/R and analyzed for serum GPT levels. 
The extent of subacute I/R injury was assessed by comparing the ex- 
tent of decline in serum GPT responses at 6 h to that at 20 h post-I/R. 

Immunocytochemical localization of neutrophils and T cells. T cell 
localization studies were performed by immunofluorescent staining 
for CD4 and CD8 antigens in frozen (6-jim) sections of the liver and 
spleen. In these studies, sections were fixed in 95% ethanol for 30 min, 
blocked in 20% mouse serum/PBS for 30 min, and then incubated in 
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1/200 dilution of rat FITC anti-mouse CD4 or rat FITC anti-mouse 
CD8 in the presence of 1.5% mouse serum/PBS for 18 h at 4°C Sec- 
tions were washed three times in 1.5% goat serum/PBS and cover- 
slipped in Citifluor. These analyses were performed to assess the ki- 
netics of T cell infiltration to the liver post-I/R and to confirm the 
success of T cell adoptive transfers. Kinetic T cell infiltration studies 
assessed ischemic lobes of livers from mice that underwent 90 min of 
ischemia and 1, 3, 6, 12, and 20 h of reperfusion (three independent 
animals were analyzed for each experimental group). Additionally, 
sham-operated animals were included in these analyses to assess 
baseline numbers of resident T-lymphocytes in the liver. 

Immunofluorescent staining for neutrophils was performed on 
frozen sections fixed in 4% paraformaldehyde for 10 min, followed 
by postfixation in methanol for 10 min at -20°C. Sections were per- 
meabilized with 0.1% Triton X-100 before blocking and incubation 
with a 1/500 dilution of rat anti-mouse neutrophil FITC antibody 
(CALTAG Labs, South San Francisco, CA). Morphometric analysis 
of immunoreactive neutrophils in liver sections were performed by 
quantifying the total numbers of immunoreactive cells in 30 random 
(400X) fields (five independent animals were analyzed for each ex- 
perimental group). Localization of neutrophils in CL4 and CDS T cell- 
depleted animals assessed 10 random fields (400x) of the ischemic 
liver lobes from five and three independent animals, respectively. 

In vivo Tcell depletion. Rat monoclonal antibodies against mouse 
CD4 and CD8 were generated by intraperitoneal injection of 10 7 cells 
of the rat hybridoma lines GK 1.5 or 2.43, obtained from American 
Type Culture Collection (Rockville, MD) (32, 33), into female SCID 
mice. Ascites fluid was harvested and purified over an anti-rat IgG 
agarose (Sigma Chemical Co.) column. Positive fractions were identi- 
fied by Bradford analysis and purity verified by SDS-PAGE The 
positive fractions were then pooled, desalted, and concentrated into 
PBS using a Centricon-30 filtration system. Antibody concentrations 
were adjusted to 1 mg/ml. The mAb were then tested by flow cytome- 
try analysis for antigen specificity by comparison with commercially 
available directly labeled anti-CD4 and -CD8 antibodies. In vivo de- 
pletion experiments were performed in 6-7-wk-old BALB/c mice by 
injection of 0.2 mg of affinity-purified anti-CD4 mAb (GK1.5) or 
anti-CD8 mAb (2.43) on two consecutive days. On day 4 after the 
second injection, the animals underwent 90 min of ischemia as de- 
scribed above and blood samples were taken at 0, 6, 12, and 20 h post- 
reperfusion for analysis of serum GPT. The animals were then killed 
and spleens from each mouse were tested for succopsful T cell deple- 
tion by flow cytometry analysis. In these studies, total splenocytes 
were isolated and purified as described above and 10 6 cells stained 
with 1 ng of anti-CD8 FITC- and anti-CD4 PE-Iabeled antibodies in 
50 m.1 PBS/10% FCS for 30 min on ice. 

Results 

Reduced subacute I/R injury response in livers from nu/nu 
mice. Results from both 60- and 90-min lobar liver I/R injury 
in both BALB/c and nu/nu mice demonstrate similar acute 
(3-6 h) increases (50-100-fold) in the level of serum GPT (Fig. 
1, A and B) over preischemic time points. Conversely, 3-min 
ischemic animals showed minimal (threefold) transient in- 
creases in GPT at 3- and 6-h time points, which were likely due 
to nonspecific hepatocellular clamping damage. Sham-oper- 
ated animals produced no detectable changes in serum trans- 
aminases, demonstrating that neither anesthesia nor serial 
blood draws affected these liver function enzymes. In contrast 
with the similar level of acute I/R-mediated liver injury seen in 
BALB/c and nu/nu mice, subacute (20-h) levels of serum GPT 
were dramatically different between these two strains. Serum 
GPT values of BALB/c animals that underwent 90 min is- 
chemia demonstrated a biphasic pattern of liver injury that 
peaked at 6 and 20 h, representing early acute and subacute 



damage, respectively. In comparison, nu/nu mice after 90 min 
of ischemia demonstrated a complete lack of subacute-medi- 
ated liver injury, suggesting that the inflammatory response af- 
ter I/R injury in T cell-deficient mice was impaired (compare 
Fig. 1 A to B). Although the bimodal serum GPT phases of 
liver injury were not observed after 60 min of I/R, similar dif- 
ferences in the decline of serum GPT levels were seen during 
the later phases of I/R between nu/nu and BALB/c mice. At 36 h, 
the GPT activities for all animals returned to baseline. Mor- 
phometric analysis of the percentage of hepatocellular necrosis 
confirmed differences in the level of hepatic injury at 20 h post- 
reperfusion in BALB/c and nu/nu mice (Fig. 1, C-/). BALB/c 
animals subject to 60 and 90 min of ischemia demonstrated a 
twofold higher level of hepatocellular necrosis as compared 
with nu/nu mice (P < 0.009 and P < 0.001 for 60 and 90 min is- 
chemia, respectively). In contrast, control animals subject to 
3 min of ischemia demonstrated negligible levels of necrosis in 
both strains of mice. Differences in the extent of the bimodal 
serum GPT response between BALB/c animals, which had un- 
dergone 60- and 90-min of I/R injury, is likely due to differ- 
ences in the extent of injury produced by these two times of is- 
chemia and is reflected in the percent hepatocellular necrosis 
(27±4.8% for 60 min of ischemia vs. 62±9.0% for 90 min) 
(Fig. 1 /). In summary, initial results comparing the time 
course and extent of I/R injury in the liver between nu/nu and 
BALB/c mice demonstrate similar patterns of acute I/R inj ury , 
but dramatic differences in the extent of subacute responses! 
Such findings suggest that the absence of T cells in nu/nu mice 
may be responsible for reduced subacute injury responses af- 
ter I/R. To address this hypothesis, we attempted to reconsti- 
tute this subacute I/R response in nu/nu mice by adoptive 
transfer of T-lymphocytes harvested from BALB/c mice. 

Adoptive transfer of T cells reconstitutes the subacute in- 
flammatory response in nu/nu mice. Enriched populations of 
T cells were purified from BALB/c splenocytes using nylon 
wool chromatography. The extent of T cell enrichment was 
confirmed by flow cytometry after immunocytochemical stain- 
ing with CD4 and CD8 antibodies (Fig. 2 A). These results 
demonstrated an 80% T cell content within glass wool-puri- 
fied splenocytes. Within these T cell populations, ~ 25 and 
55% were positive for CD8 and CD4, respectively. Adoptive 
transfer into nu/nu mice was performed by injection of 2 X 10* 
enriched T cells directly into the subcapsular region of the 
spleen. The successful engraftment of T cells was evaluated by 
immunocytochemical staining of spleens (Fig. 2) for both CD4 
and CD8 antigens (epitopes that are normally absent in nu/nu 
mice). In these studies, nu/nu animals demonstrated no detect- 
able CD4 and CD8 T cells within the spleen (Fig. 2, E and F) 
as compared with control BALB/c mice (Fig. 2, C and D). In 
contrast, nu/nu mice injected with enriched T-lymphocyte pop- 
ulations (Fig. 2, G and H) demonstrated high levels of CD4 
and CD8 immunoreactive cells in the spleen. These results 
confirm the successful reconstitution of T-lymphocytes over 
the time course of these experiments. 

The profile of serum GPT levels was quantified in animals 
after 60 min I/R in an attempt to evaluate whether adoptively 
transferred T cells were capable of reconstituting the subacute 
injury response. Results from these studies demonstrated a 
fourfold increase in 20-h GPT levels (P < 0.001) within T cell 
adoptively transferred nu/nu mice (2,029±317 U/liter) as com- 
pared with uninjected nu/nu animals (499±83 U/liter) In nu/ 
nu mice that received T cells, the extent of the subacute injury 
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was increased to a level ~ 50% that seen in BALB/c mice 
(3,704±625 U/liter). Fig. 2 2? represents the cumulative data 
from these experiments, which compared the peak acute (6 h) 
GPT levels with peak subacute (20 h) serum GPT levels. Stud- 
ies evaluating T cell recruitment to the liver after I/R injury in 
adoptive transfer experiments provided additional evidence 
supporting the importance of T cells in subacute phase liver 
damage. Nu/nu mice adoptively transferred with purified 
splenic T cell populations demonstrated T cell infiltration into 
the liver after I/R. In all cases, T cell infiltration was confined 
to the ischemic lobes of the liver and absent in control nonis- 
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chemic lobes (data not shown). These findings demonstrate 
that the elevated levels of CD4 + T cells in the livers of adop- 
tively transferred nu/nu mice were not due to a nonspecific 
global increase in resident T cell in the liver, but rather a spe- 
cific response to I/R injury. As seen with BALB/c mice, no sig- 
nificant infiltration of CD8 + T cells were seen in nu/nu mice 
adoptively transferred with purified splenic T cell populations 
(data not shown). 

In summary, these findings demonstrate that adoptively 
transferred T cells were capable of reconstituting the subacute 
I/R injury response in nu/nu mice and suggested that T cells 
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Figure 2. Adoptive transfer of T-lymphocytes into nu/nu mice. Enriched populations of T-lymphocytes were isolated from spleens of BALB/c 
mice by nylon wool chromatography and analyzed by flow cytometry after immunocytochemical staining with anti-mouse CD4 and CD8 anti- 
bodies {A). Results from FACS® analysis demonstrate an enrichment to > 80% T cells. Within these T cell fractions, ~ 25% (quadrant 3) and 
55 /o (quadrant 2) of the splenocytes were positive for CDS and CD4, respectively. 2 x 10 6 T-lymphocytes were injected into the splenic subcap- 
sular space of recipient nu/nu mice (n = 6 for each experimental group). 5 d posttransfer, mice were subject to 60 min of partial lobar ischemia 
followed by 20 h of reperfusion. B compares serum GPT levels observed during the peak acute (6 h) and subacute (20 h) phases of post-I/R in- 
jury between nu/nu, Balb/c, and nu/nu T cell-transplanted mice. Spleens were harvested at 20 h postreperfusion to determine the efficiency of 
adoptive transfer by immunocytochemical analysis with CD4 and CD8 antibodies. Immunocytochemical staining of spleen-frozen sections ( 6 
jun) with anti-mouse CD8 FITC (C, E, and G)- and anti-mouse CD4 FITC (Z>, F y and /^-labeled antibodies was performed on BALB/c mice 
(C and £>), nu/nu mice, which were uninjected (£ and F), or nu/nu mice injected with T cell populations into the spleen (G and H) BALB/c and 
nu/nu mice serve as positive and negative controls for CD4 and CDS staining, respectively. All panels represent photomicrographs taken with a 
zux objective. Nomarski and fluorescent photomicrographs are shown on the left and right of each panel, respectively. 
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may be critical mediators in this phase of injury, which has 
been traditionally characterized as a neutrophil-mediated in- 
flammatory response. To this end, we sought to correlate the 
requirement of T cells necessary for subacute phase I/R injury 
with the extent of neutrophil infiltration. 

T cells mediate neutrophil recruitment after ischemia/ 
reperfusion in the liver. Subacute injury after I/R has been tra- 
ditionally characterized by massive neutrophil-mediated in- 
flammatory responses. Numerous hypotheses have proposed 
mechanisms by which ischemic injury in the liver may mediate 
neutrophil recruitment, including hepatocellular cytokine pro- 
duction and local changes in the adherence characteristic of 
endothelium in the liver. Initial comparisons of I/R histopa- 
thology between nu/nu and BALB/c mice shown in Fig. 1, E-H 
have suggested that neutrophil recruitment may be impaired 
in T cell-deficient mice. These findings, together with the re- 
quirement for T cells to elicit I/R subacute liver injury, have 



suggested that T-lymphocytes may be key mediators of this re- 
sponse. To this end, we sought to correlate differences in the 
level of subacute injury with the extent of the subacute neutro- 
phil inflammatory response in nu/nu and BALB/c mice. Fur- 
thermore, by comparing nu/nu with BALB/c and T cell-recon- 
stituted nu/nu mice, we sought to mechanistically confirm T 
cell involvement with the activation of neutrophil infiltration. 

Immunocytochemical localization using a pan antineutro- 
phil antibody was performed on five to six animals from each 
experimental category that had undergone 60 min of ischemia 
followed by 20 h of reperfusion. This time point was chosen for 
analysis since subacute liver injury peaks during this time 
frame. Morphometric studies quantifying the extent of neutro- 
phil infiltration in the liver demonstrated a mean number of 
18.4±2.6 immunoreactive neutrophils per high power field in 
necrotic regions of BALB/c ischemic lobes (Fig. 3, A and B). 
Only infrequent immunoreactive cells were seen in nonne- 
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Figure 4. Modulation of I/R injury re- 
sponses after in vivo depletion of CD4 + 
and CD8 + T-lymphocytes in BALB/c mice. 
6-7-wk-old BALB/c mice were depleted of 
CD4 + (n = 7) or CD8 + (n = 4) T-lympho- 
cytes by injection of affinity-purified anti- 
CD4 or anti-CD 8 mAb on two consecutive 
days. 4 d after the second injection, ani- 
mals underwent 90 min of partial lobar is- 
chemia and blood samples were taken at 0, 
6, 12, and 20 h postreperfusion for analysis 
of serum GPT. Animals were killed at 20 h 
post-I/R and the spleens from each mouse 
were tested for successful T cell depletion 
by FACS® analysis against anti-CD8 
FITC- and anti-CD4 PE-labeled antibod- 
ies. The antibodies used for FACS® analy- 
sis recognized different epitopes from 
those used for in vivo depletion. FACS® 
analysis of splenocytes from CD4- (A) and 
CD8- (B) depleted animals are shown. The 
mean±SEM serum GPT profile for both 
CD4- (dashed line) and CD8- (solid line) 
depleted mice are given in C. GPT levels 
were significantly lower in CD4- as com- 
pared with CD8-depleted animals at both 
12 and 20 h of reperfusion (Student's / test, 
P < 0.05). The mean±SEM number of 
neutrophils per 40x field within ischemic 
lobes at 20 h postreperfusion are given for 
both CD4- and CD8-depleted animals 
(shown to the right of 20-h GPT experi- 
mental values). These data demonstrate a 
statistically significant decrease in the 
number of neutrophils within ischemic 
lobes of CD4- as compared with CD8- 
depleted animals (Student's / test, P < 
0.05). Quantification of neutrophil num- 
bers was performed by immunofluorescent 
detection as described in the Methods. 
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erotic regions of ischemic lobes, while neutrophils were absent 
from control nonischemic lobes (data not shown). In contrast 
with BALB/c animals, nu/nu mice demonstrated a 10-fold re- 
duction (1.9±0.3 cells/field, P < 0.001) in the number of neu- 
trophils within necrotic regions of ischemic lobes (Fig. 3, C and 
D). Such findings suggest that the absence of T cells in nu/nu 
mice may be responsible for the reduced subacute neutrophil 
inflammatory response seen at 20 h postreperfusion. To con- 
clusively address this hypothesis, nu/nu mice that were adop- 
tively transferred with an enriched population of splenic T cells 
were analyzed for neutrophil infiltration after I/R. T cell- 
transplanted mice subjected to 60 min of lobar ischemia fol- 
lowed by 20 h of reperfusion demonstrated a statistically 
significant (P < 0.001) sevenfold increase in the number of im- 
munoreactive neutrophils within ischemic lobes (13.4±2.3 
cells/field) (Fig. 3, E and F). Control nonischemic lobes from 
these animals demonstrated an absence of neutrophils as simi- 
larly seen in nu/nu and BALB/c mice (data not shown), sug- 
gesting that adoptive transfer of T cells did not globally elevate 
circulating neutrophils in the liver, but rather specifically in- 
creased the neutrophil inflammatory response*to I/R. Morpho- 
metry analysis of I/R-induced increases in the frequency of 
neutrophils seen in necrotic regions of the liver are summa- 
rized in Fig. 3 G. When the ratio of 20-h/6-h serum GPT levels 
(an index of subacute mediated injury) were grouped for all 
animals, including nu/nu, Balb/c, and nu/nu + T cells, and 
compared with the extent of neutrophil infiltration, a signifi- 
cant direct correlation (r = 0.9, P < 0.001 by the Spearman 
correlation) was observed in the frequency of neutrophil infil- 
tration and the extent of subacute serum GPT levels. Such find- 



ings substantiate the hypothesis that T-lymphocytes play a key 
role in the recruitment of neutrophils in subacute I/R injury. 

Depletion ofCD4 + but not CD8 + T cells decreases the sub- 
acute inflammatory response in BALB/c mice. To determine 
whether specific subsets of T cells were responsible for activat- 
ing subacute inflammatory responses in the liver seen at 18-24 h 
after reperfusion, we selectively in vivo-depleted CD4 + and 
CD8 + T cells from BALB/c mice before I/R experiments. To 
this end, animals were injected intraperitoneally with deplet- 
ing monoclonal antibodies derived from rat hybridomas di- 
rected against the CD4 or CD8 receptors. The extent of deple- 
tion was confirmed in all animals after I/R experiments by 
FACS® analysis of splenocytes with CD4 and CDS antibodies 
that recognized alternative epitopes to antibodies used for de- 
pletion studies. All mice demonstrated > 95% depletion of im- 
munoreactive CD4 or CDS cells after depletion experiments 
(Fig. 4, A and B). CD4- and CD8-depleted animals were sub- 
jected to 90 min of partial lobar ischemia, and the extent of 
liver injury was monitored by measuring serum GPT values at 
0, 6, 12, and 20 h. While there were no significant differences in 
baseline (0 h) and 6 h reperfusion GPT values among the dif- 
ferent groups of animals, the GPT activities at 12 and 20 h 
were significantly lower (P < 0.05) in CD4-depleted mice as 
compared with the CD8-depleted group (Fig. 4 Q. CD4- 
depleted animals demonstrated a similar pattern of GPT in- 
jury as seen in nu/nu (T cell-deficient) mice, while CD8-depleted 
animals more closely reproduced the pattern of injury seen in 
BALB/c (T cell-sufficient) mice. Furthermore, CD4-depleted 
BALB/c had significantly reduced (P < 0.05) numbers of neu- 
trophils (2.9±1.5 cells/field) as compared with CD8-depleted 





Tirtiie post-reperf usion (hrs) 

Figures. T-lymphocyte infiltration in the liver after I/R-induced injury. The kinetics of T-lymphocyte infiltration in the liver after 90 min of is- 
chemia and 1, 3, 6, 12, and 20 h of reperfusion was examined by immunofluorescent staining using anti-mouse CD4 and CD8 FITC antibodies. 
The numbers of resident T cells were analyzed in nonischemic sham-operated control BALB/c mouse liver section from three independent mice. 
Total numbers of immunoreactive cells were quantitated in three nonserial sections of the ischemic lobes from three independent animals for 
each reperfusion time point. A is a representative image of a liver section taken from a control animal, while B represents an animal that under- 
went 90 min of ischemia and 1 h of reperfusion. Nomarski and fluorescent photomicrographs are shown on the left and right of each panel, re- 
spectively. All photomicrographs were taken with a 40x objective and arrows indicate immunoreactive CD4 + T-lymphocytes. C summarizes 
morphometric analysis quantifying the number of CD4+ and CD8 + T cells/mm 2 seen in control and 90-min ischemic livers that underwent 1, 3, 6, 
12, and 20 h of reperfusion. Sham-operated control mice that were not subject to I/R injury are marked C. The number of immunoreactive CD4 + 
T cells within ischemic lobes increases fivefold after 1 h of reperfusion as compared with sham-operated animals (Student's t test, P < 0.05). No 
significant differences were seen in the extent of CD8 + T cell infiltration at any time points. 
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animals (8.5±2.3 cells/field) within ischemic lobes at 20 h of 
reperfusion (Fig. 4 C). These results substantiate findings with 
adoptive transfer of T cells in nu/nu animals and provide more 
definitive evidence that CD4 + but not CD8 + T cell subsets are 
important mediators of inflammatory responses associated 
with subacute liver injury. To mechanistically determine when 
T cells may act to mediate the post-I/R subacute inflammatory 
response, we performed kinetic studies aimed at elucidating 
the time course of T-lymphocyte recruitment to the ischemic 
lobes of the liver after reperfusion. 

Kinetics of T cell infiltration into the ischemic liver. To eval- 
uate the temporal relationship of T cell recruitment within the 
inflammatory cascade after I/R in the liver, we followed the 
time course of T cell infiltration in postischemic and reper- 
fused livers from BALB/c mice. To this end, we compared the 
number of CD4 + and CD8 + T cells in sham operated animals 
with mice that underwent 90 min of ischemia and 1, 3, 6, 12, 
and 20 h of reperfusion. Results depicted in Fig. 5, A and B 
demonstrate maximal fivefold increase in the infiltration of 
CD4 + T cells to ischemic lobes at 1 h postreperfusion, which 
decreased more than 10-fold by 3 h of reperfusion. No signifi- 
cant change in the extent of CD4 + T cell infiltration was ob- 
served at later time points of 6, 12, and 20 h postreperfusion. 
However, T cells were usually not found in necrotic areas of 
the liver, and may in part account for the decrease in total T 
cells/mm 2 at the later time points. In summary, transient CD4 + 
T cell infiltration to ischemic lobes occurred very early within 
the process of reperfusion and suggests that this cell type may 
mediate early events that activate the subacute inflammatory 
cascade. In contrast, no changes in the number of CDS* T cells 
recruited to the liver were seen throughout the time course of 
reperfusion after 90 min of ischemia and remained at endoge- 
nous levels seen in control mouse livers (Fig. 5 A). These find- 
ings suggest that CD4 + T cells are likely early cellular media- 
tors of I/R inflammatory responses. 



Discussion 

The mechanisms of ischemic damage in the liver associated 
with reoxygenation is of great clinical relevance in understand- 
ing and preventing early graft failure in orthotopic liver trans- 
plants. In addition to acute free radical-induced injury, sub- 
acute inflammatory responses play a major role in post-I/R 
organ injury, which leads to a decline of liver function and po- 
tentially increased organ immunogenicity leading to graft re- 
jection. In the present study, the analysis of genetically defined 
T cell-deficient mice has provided a unique animal model for 
studying the immunology of subacute inflammatory responses 
after I/R in the liver. Our findings, which demonstrate a sub- 
stantially reduced subacute inflammatory-mediated I/R injury 
response in nu/nu mice, as compared with T cell-competent 
BALB/c mice, suggest that T-lymphocytes are required for 
complete activation of post-I/R inflammatory responses. Three 
pathophysiologic indexes including serum GPT levels, percent 
hepatocellular necrosis, and neutrophil infiltration were all re- 
duced in nu/nu mice as compared with immune competent 
BALB/c mice. Furthermore, the involvement of T cells in me- 
diating subacute I/R inflammatory injury was supported by 
adoptive transfer experiments of T cells into nu/nu mice, which 
were capable of increasing both the subacute serum GPT lev- 
els (20 h) and neutrophil influx to damaged tissue. 



Studies aimed at elucidating whether Tc and/or Th T cell 
subsets were involved in mediating this subacute inflammatory 
response used in vivo depletion of CDS* or CD4 + T-lympho- 
cytes in immune-competent BALB/c mice. Results from these 
experiments demonstrated that CD4 + but not CD8 + T-lym- 
phocyte depletion was capable of reducing both the extent of 
injury and neutrophil infiltration during the subacute phase of 
I/R liver damage. These findings suggest that CD4 + T cells are 
a predominant mediator of the I/R-induced inflammatory re- 
sponses. Additionally, the fact that CD4 + T cell influx to the 
liver after ischemia occurred within the first hour of reperfu- 
sion suggests that this cell type may mediate very proximal 
events that are responsible for activation of the subacute in- 
flammatory cascade. In contrast, CD8+ T cell influx to the liver 
after I/R remained unchanged and suggests that this cell type 
does not play an important role in mediating postreperfusion 
inflammatory events in the liver after ischemia. In summary, 
these results suggest that in the absence of CD4 + T cells, the 
liver has an improved capacity to recover from oxidant-medi- 
ated damage. Furthermore, one might predict that therapeutic 
intervention directed at Th-lymphocyte activation pathways 
after I/R injury could yield substantial therapeutic benefits in 
transplantation through abrogation of subacute neutrophil in- 
flammatory responses. 

The mechanism(s) by which neutrophils are recruited after 
I/R liver injury is presently only partially understood. Previous 
studies have evaluated the increased adherent characteristics 
of neutrophils to endothelium in the liver after I/R. To this 
end, studies in ICAM-l-deficient transgenic mice have dem- 
onstrated the importance of this adhesion molecule in the re- 
cruitment of neutrophils in a model of LPS-induced liver dam- 
age (34). These studies demonstrated a protection against 
leukocytosis in the livers of ICAM-l-deficient mice treated with 
LPS. Furthermore, the mechanism underlying this protection 
was proposed to be distal to the inciting events that promote 
TNFa and IL-1 cytokine production, since these cytokines re- 
mained elevated in both wild-type and ICAM-l-deficient mice 
after LPS injury. Similarities between this toxic shock model of 
liver damage and that encountered in I/R-induced liver injury 
include the production of TNFa and IL-1 (11-13). Such he- 
patic cytokines have been suggested to be produced by 
Kupffer cells within the early phases of ischemic liver injury 
before reperfusion and have been implicated in amplification 
of subsequent neutrophil inflammatory responses (11, 12). 
These cytokines may have a direct role in activation of neutro- 
phils or in contrast may activate other hematopoietic cell types 
(e.g., T cells) involved in regulating the injury responses to I/R 
in the liver. Findings from the present study have provided 
new insights into the potential involvement of T cell lineages in 
the recruitment and amplification of neutrophils to the dam- 
aged liver after I/R. Specifically, we propose that CD4 + T-lym- 
phocytes may be important mediators of these responses. 

CD4 + T cells can be subdivided into at least two subpopu- 
lations, Thl and Th2. Thl cells, which secrete IFN7, TNF(3, 
and GM-CSF (known to have stimulatory effects on Kupffer 
cells and neutrophils), may represent the best candidates for 
mediating this process of inflammation (30). Of these various 
T cell^secreted cytokines, IFN7 and TNFp are known to be 
potent activators of Kupffer cells and may likely promote local 
secretion of TNFa and IL-1, which in turn act to facilitate 
changes in endothelial adherence characteristics of neutrophils 
through either direct activation of neutrophils themselves or 
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Figure 6. Potential mechanism(s) of T-lymphocytes activated inflam- 
matory response after I/R injury in the liver. This schematic proposes 
potential mechanism (s) by which CD4 + T-lymphocytes mediate the 
activation of neutrophil inflammatory responses after ischemia and 
reperfusion in the liver. One potential hypothesis suggests that the 
stimulus of ischemia/reperfusion injury triggers activation directly in 
resident CD4 + T cells (pathway I). Once activated, CD4 + T cells may 
secrete a number of cytokines including IFN7, TNFp, and GM-CSF, 
which either directly or indirectly (through Kupffer cell-secreted cy- 
tokines) activate neutrophils to infiltrate the liver (pathway II). Al- 
ternatively, the I/R stimulus may directly activate resident Kupffer 
cells within the liver (pathway III), which in turn activate circulating 
CD4 + T cells through secreted cytokines (pathway IV). Despite the 
present speculation as to the exact cytokine pathways by which CD4 + 
T cells interact within the amplification of neutrophil inflammatory 
responses after I/R injury, the significantly reduced subacute phase 
I/R injury in the absence of T cells demonstrates that some compo- 
nent of T cell activation is critical for this response. 



indirectly through changes in surface adhesion molecules on 
endothelial cells. Furthermore, Thl -secreted IFNy and GM- 
CSF may also act directly on neutrophils and enhance their 
partitioning to damaged liver tissue. 

The primary question at present is whether T cell involve- 
ment lies proximal or distal with respect to the activation of 
Kupffer cell cytokine secretion, which has been demonstrated 
to play a major role in neutrophil recruitment. If T cell in- 
volvement lies proximal to the activation of Kupffer cells, this 
would imply that circulating T cells within the liver are directly 
activated by ischemia and reperfusion (i.e., changes in the cel- 
lular or extracellular redox state) and are potentially involved 
in initiating Kupffer cellular responses. Alternatively, T cells 
may be critical in amplifying primary Kupffer cell cytokine re- 
sponses within the initial phases of injury. This hypothesis is 
attractive given the fact that secretion of TNFa by Kupffer 
cells has been suggested to occur before reperfusion. How- 
ever, since CD4 + T cells are also resident in the liver before 



reperfusion, it is impossible to rule out primary inciting activa- 
tion of Kupffer cells by CD4 + T cells during the ischemic pe- 
riod. In addition, T cell-mediated effects could be amplified by 
other ectopic sites such as the spleen. In support of this hy- 
pothesis, a recent paper by Okuaki et al. (35) has demon- 
strated reduced neutrophil infiltration and attenuation of I/R 
injury in animals subjected to splenectomy as compared with 
controls. In the context of this present study, these data sug- 
gest that T cells at distant sites to the liver (e.g., the spleen) 
may also be involved in the inflammatory process. This action 
could occur by recruitment of T cells to the liver or alterna- 
tively through soluble mediators such as cytokines. Regardless 
of the exact mechanisms of action, since activation of CD4 + T 
cell recruitment to the liver occurs very early within the first 
hour of reperfusion, one would anticipate that T cells play a 
critical early role in amplifying the post-I/R inflammatory cas- 
cade. Fig. 6 summarizes potential mechanisms by which CD4 + 
T-lymphocytes may mediate a subacute inflammatory re- 
sponse in the liver after I/R injury. 

Activation of naive T cells has traditionally been demon- 
strated to require recognition of foreign antigens bound to a 
self-MHC molecule together with costimulatory signals by an 
antigen presenting cell. However, in I/R injury, the lack of 
available foreign antigen's for presentation by antigen present- 
ing cells suggests that activation of T-lymphocytes after I/R in- 
jury may occur via an antigen-independent pathway. Alterna- 
tively, self-antigens may be modified by generated reactive 
oxygen species so they appear foreign to T-lymphocytes. An 
antigen-independent activation mechanism of T-lymphocytes 
has recently been described by Bacon et al. (36) that involves 
the chemokine Rantes. Additionally, protein modifications 
due to oxidation with associated inflammatory responses have 
been postulated for cases of liver cirrhosis (37). 

Despite the present lack of a defined cytokine-mediated 
pathway, these studies conclusively implicate T-lymphocytes 
as key mediators in the pathoprogression of I/R inflammatory 
responses in the liver. Elucidation of the cytokine pathways for 
T-lymphocyte activation of neutrophil recruitment in the liver 
after I/R may ultimately yield clinically relevant modalities for 
the amelioration of acute rejection in orthotopic liver trans- 
plants. Furthermore, since the major T cell subsets involved in 
graft rejection may be different than those involved in sub- 
acute phase post-I/R inflammatory responses (i.e., Tc [CD8+] 
versus Th [CD4 + ] cells, respectively), the rational design of ef- 
fective therapies to prevent graft rejection necessitates the 
need for a concrete understanding of the cellular and cytokine 
pathways involved in these two pathophysiologically unique T 
cell-mediated responses. Neutrophil-mediated damage sec- 
ondary to I/R injury is a pathophysiologic process seen in a 
number of additional organs including the heart, brain, lung, 
and kidney. Studies aimed at determining the T cell depen- 
dency of these post-I/R neutrophil responses, as seen in the 
liver, could lead to potential novel anti-T cell-directed thera- 
pies for other types of ischemically induced injuries as seen in 
myocardial infarction and stroke. 
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ABSTRACT Clinical signs of experimental autoimmune encephalomyelitis (EAE) in 
rats can be suppressed by treatment with liposomes containing dichloromethylene diphos- 
phonate (Cl^MDP liposomes). Here we investigated whether besides the blood-borne 
macrophages also ED2* perivascular cells and microglia are affected by this treatment. 
For this purpose we examined the central nervous system of bone marrow chimeras in 
which EAE was induced with encephalitogenic T cells. Quantification of cell numbers of 
various cell types in inflammatory lesions in the spinal cord showed that after treatment 
with ClaMDP liposomes more than 95% of the bone marrow derived (Il-69 + ) macroph- 
ages were eliminated. In addition the number of ED2 + perivascular cells were seen to be 
decreased by 68% as compared to ED2 + cells in control liposome treated animals. How- 
ever the number of these perivascular cells in CI2MDP liposome treated animals did not 
differ from the number of perivascular cells in naive animals, indicating that only newly 
recruited, inflammation associated, ED2 + macrophages were eliminated. Moreover, de- 
tection of degenerating nuclei by in situ nick translation (ISNT) in combination with 
staining for EDI or ED2 showed that in the perivascular space no degenerating cells 
were present. C1 2 MDP liposome treatment furthermore decreased the numbers of T cells 
infiltrating the parenchyma by more than 50%. Instead T cells were found in large 
numbers in the perivascular space. Microglia did not seem to be eliminated by C1 2 MDP 
liposome treatment as shown by the absence of ED1 + /ISNT + cells in the CNS paren- 
chyma. However the number of EDI + ( 11-69") microglial cells decreased by more than 
80%, indicating that the activation of this cell type was impaired. It is concluded that 
bone marrow derived macrophages play an important role in the pathogenesis of EAE via 
interactions with lymphocytes and the activation of resident microglia. 

© 1995 Wiley-Liss, lac 



INTRODUCTION 

Experimental autoimmune encephalomyelitis (EAE) 
is a T cell-dependent disease which is characterized by 
inflammatory lesions in the central nervous system 
(CNS). These parenchymal lesions consist of T lympho- 
cytes, which preferentially use the Vp 8.2 T cell recep- 



tor (Lannes-Vieira et al., 1994; Tsuchida et al., 1993), 
and blood-borne macrophages (Paterson, 1960). Besides, 
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the hematogenous infiltrating macrophages and lym- 
phocytes also cells in the CNS seem to play a role in 
EAE. Especially the parenchymal microglial cell is be- 
lieved to participate in the immune response by upreg- 
ulatibn of cell surface molecules such as the comple- 
ment receptor 3 (Graeber et al., 1988; Matsumoto et al., 
1992), CD4, and MHC class II molecules (Gehrmann et 
al., 1993; Matsumoto et al., 1986; Vass et al., 1986). 
Furthermore, microglial cells are able to produce cyto- 
kines like interleukin-1 (Bauer et al., 1993; Van Dam et 
al. 1992) and have phagocytic properties (Bauer et al., 
1994; Graeber et al., 1989; Lassmann et al., 1993). An- 
other cell type of interest is the perivascular cell. This 
cell, which is situated in the perivascular space of blood- 
vessels, is bone-marrow derived and can be stained with 
the ED2 monoclonal antibody (Graeber et al., 1989; 
Hickey and Kimura, 1988). The strategic location, the 
ability to phagocytose, the ability to present antigens in 
an MHC class II restricted manner (Hickey and Kimura, 
1988) and to produce IL-1 (Bauer et al., 1993) demon- 
strates the potency of this cell to act as an immunoreg- 
ulatory cell during EAE. Early studies by Brosnan et al. 
(1981) revealed that macrophage depletion by treat- 
ment with silica dust could suppress clinical signs of 
EAE. In our laboratories we developed liposomes con- 
taining the drug dichloromethylene diphosphonate 
(C1 2 MDP) to eliminate macrophages (Van Rooijen, 1989). 
In a previous study (Huitinga et al., 1990), we demon- 
strated that treatment with ClaMDP liposomes elimi- 
nated macrophages in animals with EAE. However, 
with the techniques applied in that study it was neither 
possible to assess the effects of ClaMDP liposome treat- 
ment on microglia and perivascular cells, nor could the 
effect that the C1 2 MDP liposomes exerted on macro- 
phages which had already infiltrated in the CNS be 
evaluated. 

Therefore, in the present study we investigated whether 
treatment of animals with C1 2 MDP liposomes, in addi- 
tion to circulating macrophages also affects effector cells 
within the CNS. A problem in the study of infiltrating 
macrophages and microglial cells is that during EAE 
these cells in the CNS virtually are indistinguishable 
because of the similarity of immunocytological pheno- 
type. In order to overcome this problem we used bone- 
marrow chimeras ( Hickey and Kimura, 1988; Matsu- 
moto and Fujiwara, 1987) which allows unequivocal 
identification of bone marrow derived cells by their MHC 
class I profile. Furthermore, degenerating cells in the 
CNS were identified by cytochemical visualization of 
nuclear DNA fragmentation using in situ nick transla- 
tion. 



MATERIALS AND METHODS 
Animals 

Lewis (Lew) rats (150-175 g weight) were obtained 
from Charles River Laboratories (Wilmington, MA). 
Brown Norway (BN) rats and (Lew x BN) F x (150-175 
g) were obtained from Harlan Sprague Dawley (India- 
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Fig. 1 . Clinical course of MBP-T cell induced EAE in animals treated 
with control liposomes or with liposomes containing Cl a MDP. Baaed 
on the presence of cli nicaiB signs the Cl a MDP liposome treated ani- 
mals differed significantly from the animals treated with control lipo- 
somes (P < 0.05). 



napolis, IN). Animals were maintained in the facilities 
of Dartmouth Medical School under the care of a veter- 
narian in accordance with institutional and Federal 
guidelines for the treatment of rodents. 

Chimeras 

Chimeric rats were made as described before (Hickey 
and Kimura, 1988; Hickey et al., 1992). Briefly, Lewis 
rats (MHC type RT1 1 ) were crossed with BN rats (MHC 
type RTl n ) in order to get (BN x Lewis) Fj hybrids 
(RTl^ 1 ). Bone marrow cells (1 x 10 8 ) from these hy- 
brids were injected in irradiated (1,000 rads) BN rats. 
The animals were allowed to mature for 2 months prior 
to use in order to assure repopulation of the immune 
system by F t bone marrow derivatives. 

Preparation of liposomes 

Mannosylated liposomes were prepared according to 
Huitinga et al. (1990). Liposomes were obtained by dis- 
solving 70.9 mg phosphatidylcholine and 10.8 mg cho- 
lesterol in 8 ml chloroform. This was added to 3.6 p-ami- 
nophanyl-a-D-mannopyranoside which was dissolved in 
2 ml methanol. This mixture then was dried in vacuo in 
a round-bottomed flask connected to a rotary evapora- 
tor. After dissolving (with 100% chloroform) and a sec- 
ond in vacuo drying step, the resulting film was dis- 
persed into liposomes afler the addition of 10 ml of PBS 
(control liposomes) or 10 ml of PBS to which 1.89 g 
dichloromethylene diphosphate (a kind gift from Boehr- 
inger Mannheim, Mannheim, Germany) was added (ex- 
perimental liposomes). 

EAE induction and experimental design 

Adoptive T cell EAE was induced by intravenous (i.v.) 
injection of 5 x 10 6 Lewis myelin basic protein (MBP) 
specific T cells in eleven chimeric rats (day 0) as de- 
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MACROPHAGES, PERIVASCULAR CELLS, AND MICROGLIA IN EAE 

TABLE I. Differences in localisation of cells in various compartments of the spinal cord between control 

liposome and CL^MDP liposome treated animals" 



Meninges 



Perivascular 



Parenchymal 



Staining 


CON 


C1,MDP 


CON 


Cl a MDP 


CON 


CLjMDP 


U-69+/ED1- 


+ 


+ + 


+ + + 


+ + + + 


+ + + 


+ + 


I1-69+/ED1* 


+ 




+ + + 




+ + + 




I1-69-/ED1 ' 










+ 


+/- b 


OX-6 


+ 


+ 


+++ 


+ + 


+ + + 


+ + b 



°G«jeB examination ot'inimunareactivity for markers in the different com pertinents (meninges, perivascular space, and paren- 
chyma) of the spinal cord was performed on single (OX-6) and double stained aectiaos. The presence of immunoronctive cells is 
noted from - (no Imrminoreactive cells) to + + + + (high numbers of Immunoreactive cells). CON, control liposome treated groups; 
CI2MDP, C1 2 MDP liposome treated animals. Note the shift in distribution (ruin T cells from the parenchyma to the meningwt and 
perivascular space, the decrease in EDl positive macrophages in all compartments and the decrease of EDI positive microglial 
cells in the parenchyma. 

b White OX-6 immunoreoctivity is found on microglial cells throughout the parenchyma, immunore activity for EDI is only (bund 
on activated microglia/macrophages in lesions. 



TA HLE 2. Number of T cells, macrophages and microglial cells in spinal cord° 




11 = -69 ♦/EDI ~ 


Il-69 + /EDl- 


I1-Q9-/ED1 ' 


Treatment 


( lymphocytes) 


(macrophages) 


(microglia) 


Control liposomes 








C 


262.5 


253.1 


67.1 


D 


293.1 


311.2 


88.8 


E 


360.5 


271.5 


60.0 


F 


321.3 


356.3 


51.1 


Average of group 


309.35 £ 20.9 


296.03 ± 22.9 


66.75 ± 8.0 


C1 2 MDP 








G 


87.0 


8.8 


10.2 


H 


327.3 


20.3 


12.5 


I 


64.8 


6.0 


14.6 


J 


162.7 


3.5 


4.3 


K 


161.3 


5.4 


11.3 


Average or group 


168.63 t 46.1 


8.79 ± 3.0* 


10.56 -t 1.7* 



"Quantitrve evaluation of cell numbers in spinal cord of animals treated with control 1 iposomes (C-F) or ClaMDP 1 j poaanuw (G-hU 
Values represent the "'.""twr of im murM nM"i ngd ce]la/mm 8 aa measured in double stain Log Tor 11-69 and EDI. The average values 
of the group is given with the standard deviation. 
* Different from control at P < 0.05 (Wilcoxon test). 
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scribed before (Hickey and Kimura, 1988; Hickey et al M 
1991). On day 1 and day 3, nine of these 11 animals 
were injected i.v. with C1 2 MDP (n = 5, experimental 
group) or PBS (n = 4, control group) liposomes. The 
remaining two chimeric rats were given no injections 
(except infusion of T cells) to serve as controls for the 
induction of EAE. The rats were observed daily for clin- 
ical signs of EAE which were graded in four categories 
(grade 0.5: partial loss of tail tonus, grade 1: floppy tail, 
grade 2: paraparesis, grade 3: paraparesis and a mori- 
bund condition). Absence of any signs resulted in clini- 
cal score 0. On day 6 after T cell transfer, material from 
these chimeric animals and from naive Lewis rats (n = 4) 
was sampled and used for irnmunocytochemistry. 



Tissue sampling and irnmunocytochemistry 

Under deep anesthesia with thiopental, on day 6, 
animals were perfused with 0.1 M phosphate buffer 
(PB, pH 7.4) followed by 4% paraformaldehyde in the 
same buffer. The brain, spinal cord, and spleen were 
removed and fixed in the same fixative for an addi- 
tional 3 h. After this, part of the material was embed- 
ded in paraffin and part of the material was rinsed in 
PB and subsequently inclubated in PB containing 10% 
(overnight, o/n), 15% (o/n), and 20% (8 h) sucrose before 
being frozen in liquid nitrogen. This material was stored 



at -20°C until further use for inununocytochemistry at 
the light microscopical level. 

Cryostat sections were picked up on gelatin coated 
glass slides and air dried for at least 45 min. After this, 
sections were used immediately for irnmunocytochem- 
istry or stored at -20°C. Irnmunocytochemistry was 
done with the following antibodies: 11-69 (for recogni- 
tion of bone marrow derived cells, Lewis MHC Class 1, 
type RT1 1 ), EDI (macrophages and activated microglial 
cells), ED2 (perivascular cells), R73 (T cells, T cell Re- 
ceptor <xp), and OX-6 (MHC class II). EDI and ED2 
were made in our own laboratories (Ehjstra et al., 1985) 
(Serotec, Oxford, UK). 11-60 and R73 were generous 
gifts from Dr. H. Kimura and Dr. T. Hiinig respectively, 
OX-6 was obtained from Serotec Besides these antibod- 
ies also the marker GrifFonia simplicifolia isolectin B4 
(GSA I-B 4 , Sigma, peroxidase conjugated) was used for 
recognition of resting and activated microglia. Incuba- 
tions with these primary antibodies and with the lectin 
marker were done for 48 h at 4°C in Tris buffered saline 
(TBS, pH 7.8) to which 2.5% bovine serum albumin 
(BSA, Organon Technika, Oss, The Netherlands) and 
0.5% Triton X-100 was added (TBST). The second anti- 
body used was biotinylated rabbit anti mouse (Dako- 
patts, Denmark), diluted 1:100 in TBST (6 h, room tem- 
perature (RT), as the tertiary step incubations with 
peroxidase conjugated avidin-biotin complex (ABC, 
Vectastain, Vector, diluted in TBST) was done for 2 h at 




Fig. 2. ImmunocytochemisLry for EDI in combination with ISNT on 
spleen sections, a: In control liposome treated animals macrophages 
stained by EDI can be seen in the red pulp (RP) of the spleen. No ISNT 
signal is found in this section. WP, white pulp (x600). b: In C1,MDP 
liposome treated animals, EDI -imrnunoreactivity is not confined to 



cells but appears as a smear in the red pulp indicating the destruction 
of macrophages. Unlike in Figure 2a, the ISNT signal shows many 
degenerated nuclei (arrows) of macrophages in the red pulp (RP). WP, 
white pulp <x600). 
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Fig. 3. a: Immunocytochemistry far 11-69 in a lesion in the spinal 
cord of a control liposome treated animal. Large round blood borne 
macrophages (arrowheads) and lymphocytes (arrows) have infiltrated 
the parenchyma (hematoxylin counterstain, X600). b: Staining for 
11-69 in the spinal cord of an animal treated with C1 2 MDP liposomes 
ahowB that in this lesion only small lymphocytes are present (hema- 
toxylin counterstain, x600). c: Staining for EDI in a control liposome 
treated animal shows intense EDl-immunoreactivity in macrophages/ 
activated microglia, spinal cord (hemotaxyiin counterstain, x 600). d: 
EDl-immunoreactivity in an animal treated with CI Z MDP liposomes 
shows that in this lesion in the spinal cord only some macrophages/ 
activated microglial cells (arrowheads) are present (hematoxylin coun- 
terstain, x600). e: Histochemistry for GSA I-B 4 in the spinal cord of an 
animal treated with control liposomes. Throughout the spinal cord 



microglial cells have lost their "resting" morphology and appear as 
cells with short thick processes (hematoxylin counterstain, x60) ft 
Histochemistry for GSA I-B, shows that in the spinal cord of an animal' 
treated with C1 2 MDP liposomes microglial cells have a somewhat acti- 
vated morphology but stay regularly distributed in the spinal cord 
parenchyma (x60). g: Immunocytochemistry for OXS shows a lesion 
in the spinal cord of a control liposome treated animal. MHC class 11* 
macrophages and lymphocytes are intermingled with activated micro- 
glial cells (hematoxylin counterstain, X600). h: In the spinal cord of an 
animal treated with Cl^MDP liposomes, MHC class II + microglial cells 
with somewhat thickened processes (arrowheads) are found in a regu- 
lar pattern in the" spinal cord parenchyma (hematoxylin counterstain, 
x600). 



RT. Peroxidase was visualized with 3,3'-diaminobenzi- 
dine-tetra-hydrochloride. All the rinsing procedures were 
done with TBS. The sections were counterstained with 
haematoxilin. 

Double staining on cyrostat sections was performed 
for 11-69 and EDI according to Van den Dobbelsteen et 
al. (1991) with slight modifications. In brief, incubation 
with the first antibody (11-69) was done for 24 h at 4°C 
in TOST. This incubation was followed by incubation 



with an alkaline-phosphatase conjugated goat anti mouse 
antibody for 6 h at RT (Jackson, diluted 1:75). Alkaline 
phosphatase was visualized with Fast blue 6 base 
(Sigma). Incubation with the second antibody (EDI) 
was also done for 24 h (4°C) followed by the avidin- 
biotin detection method as described above. As the chro- 
mogen, amino ethyl carbazole (AEC) was used. This 
double staining resulted in lymphocytes being single 
stained (11-69, blue), bone marrow derived macro- 
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perivascular cells in spinal cord 
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CI2MDP CONT NAIVE 



Fig 4. The number of ED2* perivascular cells was measured in 
spinal cord of animals treated with ClaMDP liposomes (ClaMDP), ani- 
mals which received control (CONT) liposomes and in naive Lewis rats 
(naive). Only the ClzMDP lipsome treated group differed significantly 
from the other groups (P < 0.001, Student's t test). 



phages double stained (11-69, blue; EDI, red) and acti- 
vated microglial cells single stained for EDI (red). The 
recognition of double Btaining cells was facilitated by 
the fact that EDI predominantly recognizes a cytoplas- 
mic antigen, whereas 11-69 recognizes a membraneous 
antigen. The numbers of lymphocytes, bone marrow 
derived macrophages, ED2 + perivascular cells and mi- 
croglial cells in the spinal cord were quantitively mea- 
sured according to Lasemann et al. (1993). For each 
animal 2-3 cross sections of the spinal cord (in total at 
least 10 mm 2 ) were investigated. 



In Situ Nick Translation (ISNT) 

In order to detect degenerating cells, in situ nick trans- 
lation was performed as described by Gold et al. (1993); 
3 u,m paraffin sections containing spinal cord and spleen 
were deparaffln ized, treated with chloroform and air 
dried. Next, sections were incubated in 50 |xl of the 
reaction mixture (consisting of 5 ul 10 x nick transla- 
tion buffer, 1 ul digoxigenin labeled nucleotides, and 44 
jxl polymerase 1) for 1 h at 3TC. As a secondary step the 
sections were incubated with an alkaline phosphatase 
labeled anti -digoxigenin F(ab') 2 antibody at a dilution 
of 1:250. Alkaline phosphatase was visualized with NBT/ 
BCIP. All materials for the ISNT were obtained from 
Boehringer Mannheim. Subsequently, the sections were 
stained with monoclonal antibodies EDI and ED2. These 
antibodies were visualized by a biotin-avidin-peroxi- 
dase technique (Vass et aL, 1986). 

Statistical evaluation 

Differences in clinical signs between control and lipo- 
some treated animals were evaluated with the x 2 test. 



Differences in cell numbers of immunostained cells be- 
tween control and ClaMDP liposome treated animals 
were evaluated with the Students t-test or the Wilcoxon 
rank sum test. 

RESULTS 
Clinical findings 

Onset of clinical disease in animals treated with con- 
trol liposomes started on day 4 after transfer of T cells 
(mean clinical score 2.0, indicating paraparesis). The 
clinical score increased to a mean of 3 (moribund) on 
day 5 and 6. The development of clinical disease in 
these radiation bone marrow chimeras treated with con- 
trol liposomes did not differ from the two chimeric rats 
with T cell EAE which did not receive liposomes. In 
comparison to animals treated with control liposomes, 
in C1 2 MDP liposome treated animals the clinical signs 
were markedly decreased; three animals did not de- 
velop clinical manifestations at all whereas in two ani- 
mals only a mild loss of tail tonus (clinical score 0.5) 
was noted on day 5 and 6. Average clinical score on day 
6 in these animals as a group was 0.2 (Fig. 1). 

Histological findings 

Spleen 

Immunocytochemical staining for 11-69 in the control 
liposome group confirmed the successful repopulation 
with 11-69 + lymphocytes and macrophages after bone- 
marrow transfer (Fig. 2a). In the C1 2 MDP liposome 
treated group the elimination of macrophages could be 
seen by the absence of ED1 + cells in the splenic red 
pulp. In addition the ISNT in combination with stain- 
ing for EDI showed a strong staining in these ClgMDP 
liposome treated spleens indicating that many macro- 
phages were degenerated (Fig. 2b). 

Central nervous system 

No marked differences in lesion size and number were 
found between uninfected control bone marrow chime- 
ras with T cell EAE and control liposome treated bone 



Fig. 5. ED2-immunoreactivity in naive Lewis rats and liposome 
treated rats, a: Low m agn i f : catio n photograph from the spinal cord of 
a naive Lewis rat showing several ED2* perivascular cells (hematoxy- 
lin counteratain, X198). Perivascular cells indicated by arrows are 
showed in higher magnification in b and c (xl80). d: Low magnifica- 
tion from a control liposome treated rat. Here, Ed2* cells have a 
macrophage appearance (hematoxylin counters tain, x 198). Cell indi- 
cated by arrow is depicted in a higher magnification <x810) in e. £ 
Besides the cells with rounded morphology, in these animals also the 
perivascular cells with elongated morphology can be found (xglO). 
Low magnification from the spinal cord of a ClaMDP liposome treated 
rat. Like in naive rats, in these animals only perivascular cells with 
elongated cytoplasm are found alongside blood vessel walls (hematox- 
ylin counters tain, x 198). h: Higher magnification ( X810) from the cell 
indicated by an arrow in g. i: Second example of an ED2 + perivascular 
cell in the spinal cord of a CLAMDP liposome treated rat (x 810). 
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marrow chimeras with T cell EAE. Therefore, at the 
histological level, only differences between control and 
C1 2 MDP liposome groups could be detected (Table 1) 



T cells 

In control liposome treated rats, T cells (R73 + , 11- 
69VED1 " ) in the spinal cord were found in the meninges, 
the perivascular space and infiltrated into the paren- 
chyma. With double staining for 11-69 and EDI an av- 
erage of 309.35 cells/mm 2 (see Table 2) in the paren- 
chyma was found. Whereas in the control liposome treated 
animals most lymphocytes had infiltrated in the paren- 
chyma, in C1 2 MDP liposome treated animals large num- 
bers of lymphocytes were seen to be trapped in the 
perivascular space of bloodvessels and in the meninges. 
The average number of lymphocytes in the parenchyma 
in the ClaMDP liposome treated animals had decreased 
to a level of 49% compared to controls (Table 2). This 
decrease however was not found to be significant. 



Macrophages 

I1-69"7ED1 + blood-borne macrophages were found in 
the meninges, the perivascular space of bloodvessels 
and deeply infiltrated in the CNS parenchyma of con- 
trol liposome treated animals (Table 1). In general these 
cells had an oval or rounded morphology with, in some 
cases, short processes (Fig. 3a,c). In the ClgMDP lipo- 
some treated animals the numbers of these Il-69 + /EDl + 
cells were markedly decreased in meninges, perivascu- 
lar space, and CNS parenchyma (Table 1). Quantita- 
tion of the macrophages infiltrating into the parenchyma 
showed a 97% reduction of these cells (Table 2) as com- 
pared to the control group (Pig. 3b,d). 



Microglial cells 

In control liposome treated rats, activated microglial 
cells in and near EAE lesions could be recognised as 
Il-69~/EDl + , Many of these microglial cells did not 
have the rounded morphology of Il-69 + /EDl + blood- 
borne macrophages but had thick processes in which a 
string of ED1 + granules were found. Quantitation of 
these cells showed that these microglial cells repre- 
sented 9.9% of the cells in the double stainings (Table 
1). Hie GSA I-B 4 marker which, besides endothelial 
cells, stains both resting and activated microglia, showed 
intense staining of cells in lesions (Fig. 3e). Further- 
more, with this lectin marker it was noted that almost 
all of the microglia] cells in the spinal cord showed the 
activated morphology. The staining for MHC Class II 
(OX-6) showed a pattern similar to the staining for GSA 
I-B 4 in that, besides round macrophages, the activated 
microglial cells with thick processes located in lesions 
and deeper in the parenchyma were also stained 
(Fig. 3g). 



Quantitation of the Il-69~/EDl + microglial cells re- 
vealed a dramatically decreased number in the CyVlDP 
liposome treated animals as compared to control lipo- 
some treated animals (Table 1). These ED1 + microglial" 
cells were located near lesions and were not present in 
the surrounding parenchyma. The ISNT technique in 
combination with staining for EDI showed that there 
were no necrotic macrophages and/or microglial cells 
present in the CNS parenchyma. Staining with the GSA 
I-B 4 marker showed that, whereas in the control lipo- 
some treated animals almost all microglial cells mor- 
phologically looked like activated microglia, in the 
CI2MDP liposome treated animals microglial cells with 
thick short processes were only found in the vicinity of 
lesions. Unlike in control liposome treated animals, where 
activated microglial cells were intermingled with bone- 
marrow derived macrophages, most of the microglial 
cells (although activated in the sense that they had 
somewhat thicker processes) were distributed in a reg- 
ular pattern over the spinal cord parenchyma (Fig. 3f). 
Staining with OX-6 essentially showed the same as the 
GSA I-B4 staining: clearly activated microglia were 
present in lesions and regularly distributed microglial 
cells deeper in the parenchyma were found to be OX-6 + 
(Fig. 3h). 



Perivascular cells 

Perivascular cells and meningeal macrophages were 
detected with the ED2 monoclonal antibody. In the con- 
trol liposome treated group a mean of 16.6 perivascular 
cells/mm 2 was counted. Many of the ED2 + cells in peri- 
vascular position had a rounded morphology (Fig. 5d-£) 
while ED2 + perivascular cells in ClaMDP liposome 
treated animals had an elongated cytoplasm like in na- 
ive Lewis rat (Fig. 5a— c,g-i). The number of these perivas- 
cular cells was much higher than the number of ED2 + 
cells in the ClaMDP liposome treated group (average of 
5.2 cells/mm 2 , Fig 4). Comparison of the numbers of 
ED2 + cells in the C1 2 MDP liposome treated animals 
with the numbers of ED2 + cells in naive Lewis rats 
(Fig. 5a— c) showed that the number of these cells were 
similar and thus, resident perivascular cells seemed 
not to be affected (Fig. 4). In support of this determina- 
tion, ISNT in combination with ED2 staining showed 
that no dying ED2 + cells in the perivascular space were 
present. 



DISCUSSION 

The present study was performed in order to eluci- 
date whether treatment with liposomes affects phago- 
cytes within the central nervous system. Our results 
show that only macrophages in the periphery are de- 
pleted whereas in the CNS itself no destruction of 
phagocytes occurs. 

Macrophages have been found to play an important 
role as effector cells in demyelination in EAE. These 



MACROPHAGES, PERIVASCULAR CELLS, AND MICROGLIA IN EAE 



445 



ceils can produce numerous factors known to be poten- 
tially harmful to myelin. For instance, macrophages are 
known to produce reactive oxygen species (ROS), nitric 
oxide and TNF-a which easily can damage myelin 
(Konat and Wiggins, 1985; Selmaj and Raine, 1988) and 
the myelin producing oligodendrocytes (Griot et a)., 1990; 
Kim and Kim, 1991; Merrill et al., 1993). Besides the 
production of factors as noted above, macrophages play 
an important role in demyelination in that they are the 
cells which phagocytose putatively damaged myelin 
sheaths (Lampert, 1965; Lassmann and Wisniewski, 
1979; Pender, 1987; Raine et aL, 1974). The result that 
macrophages after C1 2 MDP liposome treatment infil- 
trate the CNS only in very low numbers and that in the 
CNS itself, in contrast to the spleen, no degenerating 
macrophages are detected, indicates that depletion of 
these cells takes place outside the CNS. The absence of 
blood-borne macrophages concomitant with the marked 
suppression of clinical signs, confirms and strengthens 
the thought that this cell type plays a major role as an 
effector cell in EAE. 

The perivascular cell with its strategic localization in 
the Virchow, Robin space (Hickey and Kimura, 1988) 
may play a crucial role in the development of EAE. By 
their release of IL-1 (Bauer et al., 1993) they may in- 
duce adhesion molecules like intercellular adhesion mol- 
ecule-1 (ICAM-1) on endothelial cells and in this way 
modulate binding of leukocytes to endothelial cells (Fabry 
et al., 1993; Pober and Cotran, 1990), which is a first 
step in migration of leukocytes into the CNS. Further- 
more, by their MHC class II expression they can present 
antigens to T cells at the BBB (Vass and Lassmann, 
1990). This study shows that, although the number of 
ED2 + cells in perivascular position is much lower in the 
C1 2 MDP liposome treated animals as compared to con- 
trol liposome treated animals, it apparently is not the 
resident perivascular cell itself which is eliminated. This 
is suggested by the finding that, although in the spleen 
with the 1SNT technique many necrotic macrophages 
were found, in the perivascular space of bloodvessels no 
necrotic ED2 + cells could be detected. In addition, the 
number of ED2 + perivascular cells in C1 2 MDP liposome 
treated animals did not differ from perivascular cell 
numbers in naive Lewis rats. Taken together, these 
results indicate that in EAE the increase of ED2 + perivas- 
cular cells is correlated with infiltration of hematoge- 
nous macrophages. 

This study was conducted in order to find out if be- 
sides blood-borne macrophages also microglial cells are 
depleted by C1 2 MDP treatment. Since with the ISNT 
technique in the central nervous system no degenerat- 
ing EDI* cells (uptake of C1 2 MDP liposomes requires 
phagocytosis and therfore EDI upregulation) were de- 
tected, it is clear that after treatment with these lipo- 
somes no local destruction of microglial cells takes place. 
In the CNS, microglial cells have strong immunocompe- 
tent functions; phagocytosis, cytokine release, expres- 
sion of immunologically functional molecules like com- 
plement receptor 3 (CR3), CD4, and MHC class II 
antigens are all microglial properties (Graeber et al., 



1986; Matsumoto et al., 1986; Vass et al., 1986). Deple- 
tion of blood-borne macrophages resulted in suppres- 
sion of clinical signs. Thus, although activated micro- 
glial cells may have the same capabilities as infiltrating 
macrophages, in the absence of blood-borne macro- 
phages, microglial cells do not take over the effector 
functions of these macrophages. The concomitant loss 
of blood-borne macrophages and the impaired activa- 
tion of microglial cells suggests that macrophages may 
be responsible for the activation of microglial cells. Pos- 
sibly macrophages may activate microglia by the re- 
lease of TNFa. This cytokine which also plays a role in 
demyelination is known for its stimulatory activity on 
macrophages (Brosnan et al., 1988) and therefore may 
also activate microglia. In CljMDP liposome treated 
animals EDI expression by microglia was decreased 
and their resting morphology had remained. MHC class 
II expression was present not only on microglial cells 
near lesions but also on microglial cells with long pro- 
cesses deeper in the unaffected parenchyma. The unaf- 
fected presence of MHC class II antigens on microglia 
in Cl^MDP treated animals suggests that while mac- 
rophages may mediate activation of microglia, they are 
probably not involved in the upregulation of MHC class 
II molecules on microglia. MHC class II expression on 
microglial cells can be induced by IFN-7 (Vass and Lass- 
mann, 1988). Since it is predominantly the CD4 + T cell 
which produces IFN-7, it is likely that this cell type is 
responsible for the upregulation of MHC class II anti- 
gens on microglia. 

In conclusion, this study shows that suppression of 
EAE by the use of Cl^MDP liposomes is a result of 
elimination of peripheral blood-borne macrophages and 
not of resident perivascular cells or microglial cells. 
After macrophage depletion the activation of microglial 
cells was seen to be decreased, this implies that mac- 
rophages play a role in the activation of microglia. These 
results further strengthen the idea that blood-borne 
macrophages play a central role as effector cells in CNS 
inflammation. 
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Abstract 

Selective eosinophil recruitment into tissues is a characteris- 
tic feature of allergic diseases. Chemokines. are effective leu- 
kocyte chemoattractants and may play an important role in 
mediating eosinophil recruitment in various allergic condi- 
tions in man. Here, we describe a novel mouse model of 
eosinophil recruitment in which we have compared the in 
vivo chemoattractant activity of different C-C chemokines. 
Furthermore, we describe the use of antibodies to chemo- 
kines and receptor blockade to address the endogenous mech- 
anisms involved in eosinophil recruitment in a late-phase 
allergic reaction in mouse skin. Intradermal injection of 
mEotaxin and mMIP-la, but not mMCP-1, mRANTES, 
mMCP-5, or mMIP-^, induced significant 11 ^-eosinophil 
recruitment in mouse skin. Significant in In-eosinophil re- 
cruitment was also observed in an active cutaneous anaphy- 
lactic reaction. Pretreatment of skin sites with antieotaxin 
antiserum, but not an antiMIP-la antibody, suppressed 
lu In -eosinophil recruitment in this delayed-onset allergic 
reaction. Similarly, desensitization of the eosinophil eotaxin 
receptor CCR3 with mEotaxin, or blockade of the receptor 
with metRANTES, significantly inhibited m In-eosinophil 
recruitment in the allergic reaction. These results demon- 
strate an important role for endogenous eotaxin in mediat- 
ing the in In-eosinophil recruitment in allergic inflamma- 
tion, and suggest that blockade of the CCR3 receptor is a 
valid strategy to inhibit eosinophil migration in vivo. (J. 
Clin. Invest 1997. 100:1657-1666.) Key words: chemokines • 
chemokine receptors • eosinophils • allergy late-phase re- 
sponse 

Introduction ; * 

Tissue eosinophilia in the absence of a concomitant increase in 
the number of neutrophils is a characteristic feature of allergic 
and parasitic diseases (1, 2). This preferential accumulation of 
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eosinophils in tissue suggests that there are specific pathways 
used by eosinophils for their accumulation in vivo. Under- 
standing these mechanisms would aid in developing pharma- 
cological therapies that would block eosinophil recruitment, 
but not that of other leukocytes (3). Such therapies may be of 
benefit in allergic diseases where eosinophil recruitment inhi- 
bition is desirable, and may have considerable advantage over 
existing treatments (e.g., steroids) that inhibit leukocyte re- 
cruitment indiscriminately (3) and have other deleterious ac- 
tions. 

Recently, it has become clear that a family of chemoattrac- 
tants, the chemokines, may play an important role in activa- 
tion and subsequent recruitment of leukocytes in vivo (4-6). 
Chemokines are proteins usually ranging from 8 to 10 kD, hav- 
ing amino acid sequence identity of between 20 and 90% (7). 
These proteins generally have four conserved cysteine resi- 
dues, and, depending on the presence of one amino acid be- 
tween the first two cysteines, are classified as C-C (no amino 
acid) or C-X-C (one intervening amino acid) chemokines (8). 
A member (lymph otactin) of a third subfamily possessing just 
two cysteine residues (8), C chemokines, has also been identi- 
fied, and more recently, a novel chemokine family C-Xg-C has 
been described (9). The main function of chemokines appears 
to be activation and recruitment of particular leukocyte sub- 
sets, although a number of different roles have been ascribed 
to these proteins (8, 10). 

Chemokine action on leukocytes is mediated by a family of 
G protein-coupled, seven-transmembrane receptors. There are 
five known receptors that mediate the actions of C-C chemo- 
kines, and these receptors are differentially expressed on dif- 
ferent leukocyte subsets (7, 10, 11). Human eosinophils have 
been shown to express high levels of the CCR3 receptor 
(40,000-400,000 receptors per cell) and this receptor appears 
to mediate most of the actions of C-C chemokines on eosino- 
phils (12, 13). Eosinophils also express the CCR1 receptor, but 
only at 1-5% of the levels of CCR3 (13). In agreement with 
their ability to bind and activate these two receptors, regu- 
lated upon activation in normal T cells expressed and se- 
creted (RANTES), 1 macrophage inflammatory protein (MIP)- 
la, monocyte chemoattractant protein (MCP)-3, MCP-4, and 
eotaxin have been shown to activate eosinophils in vitro (14- 
17). In contrast to the wealth of data demonstrating the effects 
of chemokines on eosinophil function in vitro, however, there 
has been relatively little attention paid to testing compara- 
tively the efficacy and potency of chemokines as eosinophil 



1. Abbreviations used in this paper: ACA, active cutaneous anaphy- 
lactic reaction; LTB 4 , leukotriene B 4 ; MCP, monocyte chemoat- 
tractant protein; MIP, macrophage inflammatory protein; OVA, 
ovalbumin; PAF, platelet activating factor; RANTES, regulated upon 
activation in normal T cells expressed and secreted. 
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chemoattractants in vivo. In addition, only a few studies have 
demonstrated a role for endogenous chemokines in mediating 
eosinophil recruitment in response to antigen challenge irt vivo 
(18-21). This fact is particularly important since there is clini- 
cal evidence to suggest an important role for chemokines in 
mediating eosinophil recruitment in various allergic conditions 
in man (for review see references 4 and 6). In this study, we de- 
scribe a novel mouse model of eosinophil recruitment in which 
we have compared the in vivo chemoattractant activity of dif- 
ferent C-C chemokines. Furthermore, we describe the Use of 
antibodies to chemokines and receptor blockade in addressing 
the endogenous mechanisms involved in eosinophil recruit- 
ment in a late-phase allergic reaction in mouse skin. 

Methods A * 

Animals. Female CBA/Ca mice (18-20 g) were purchased fro'rn Har- 
lan (Bicester, United Kingdom). CBA/Ca mice overexpressing the mu- 
rine IL-5 gene (Tgl mice [22]) were obtained from GlaxoWe'llcome 
(Stevenage, United Kingdom) and were bred in-house. ; ? 

Reagents. The following compounds were purchased from,Sigma 
Chemical Company (Poole, United Kingdom): ovalbumin (OVA), 
BSA, and 2-mercaptopyridine-TV-oxine. Dulbecco's PBS (calcium- 
and magnesium-free, pH 7.4), and HBSS were from Life Technolo- 
gies Ltd. (Paisley, United Kingdom). Percoll and dextran (T50Q) were 
from Pharmacia (Milton Keynes, United Kingdom). C16 platelet- 
activating factor (PAF) was from Bachem U.K. (Saffron. Walden, 
United Kingdom), and leukotriene B 4 (LTB 4 ) was from Cascade 
(Reading, United Kingdom). Human recombinant C5a (C5a) was a 
gift from Dr. J. van Oostrum, Ciba Geigy (Summit, NJ). I25 I-HSA and 
UI Ina 3 were obtained from Amersham International (Little Chal- 
font, United Kingdom). mEotaxin, hEotaxin, hMIP-la, hRANTES, 
hMCP-3, hMCP-4, mMCP-5, and affinity-purified rabbit IgG were 
purchased from PeproTech Inc. (London, United Kingdom). mMIP- 
la, mMCP-1, mKC, mMIP-2, mMIP-10, anti-CD2, anti-B220, and af- 
finity-purified anti-MIP-la polyclonal antibody were purchased from 
R&D Systems (Abingdon, United Kingdom). mRANTES-'.'w^S a 
kind gift of Dr. I. Clark-Lewis, University of British Columbia, Van- 
couver, Canada. metRANTES was synthesized by Glaxo Wellcome. 

Antieoiaxin antiserum. Rabbit anti-mEotaxin antibodies v >vere 
prepared by multiple-site immunization of New Zealand White rab- 
bits with recombinant mEotaxin in complete Freund's adjuvant; Rab- 
bits were boosted with mEotaxin in incomplete Freund's adjutant at 
2-wk intervals for 1 mo after the original immunization, and were 
boosted when titers began to fall. Polyclonal antibodies were titered 
by direct ELISA, and were specifically verified by their failure to 
cross-react with mIL-3, mIL-la/3, mTNF-a, mMIP-la, IL-6, mJE, 
mMIP-10, mOO, hMCP-1, hIL-8, hRANTES, hMIP-la, hTOF-a, 
hEotaxin, and hMIP-ip. The ability of these antibodies to neutralize 
eosinophil chemotaxis was verified using in vitro chemotactic ,assays 
at a dilution of 1:1,000. This dilution was able to inhibit the eosinophil 
chemotactic response to 30 ng/ml of eotaxin by ~ 80% (data not 
shown). 

Purification and radiolabeling of mouse eosinophils. Eosinophils 
were purified from the blood of CBA/Ca mice overexpressing the IL-5 
gene. In our transgenic mouse colony, eosinophils accounted for 60% 
of circulating blood leukocytes (data not shown). B|ood was obtained 
by cardiac puncture (three to four donor mice per experiment), and 
red blood cells were sedimented using Dextran (T500, one parCblood 
to four parts Dextran 1.25%). The leukocyte-rich supernatant #as re- 
moved, centrifuged (300 g % 7 min), and layered onto a discontinuous 
four-layer Percoll gradient (densities: 1.070, 1.075, 1.080, andfl.085 
g/ml). The gradients were centrifuged at 1,500 g for 25 min at t 20°C, 
and eosinophils and lymphocytes were collected from the 1.080/1.085 
interface. Lymphocytes were removed by using negative imrmlnose- 
lection with rat anti-mouse CD2 and B220 mAbs on a MACS BS col- 



umn according to guidelines set by the manufacturers (Miltenyi Biotec 
Inc., Camberley, United Kingdom). In brief, the eosinophil and lym- 
phocyte pellet was resuspended in PBS/BSA (10 7 cells in 500 uJ), and 
was incubated with 10 u.g/ml of anti-CD2 and 7.5 p-g/ml of anti-B220 
for 20 min on ice. The cells were washed and resuspended in PBS/ 
BSA (80 jxl of PBS/BSA per 10 7 cells). 20 pA of goat anti-rat IgG mi- 
crobeads (Miltenyi Biotec Inc.) per 10 7 cells were added, and the cells 
were incubated for a further 20 min at 6-8°C. The cell suspension was 
run through an immunomagnetic selection column, and the eosino- 
phils were collected with the column effluent. The eosinophils puri- 
fied this way were > 95% pure and > 98% viable. Flow cytometric 
analysis of purified eosinophils showed these cells to express similar 
amounts of CD11/CD18, very late activation antigen 4 (VLA-4), and 
L-selectin as granulocytes (~ 97% eosinophils) in whole blood of 
IL-5 transgenic mice (data not shown). 

For the in vivo experiments, eosinophils were radiolabeled as pre- 
viously described for guinea pig cells (23, 24). In brief, purified mouse 
eosinophils were incubated with m In (~ 100 u,Ci in 10 u,l) chelated to 
2-mercaptopyridine-N-oxine (40 u.g in 0.1 ml of 50 mM PBS, pH 7.4) 
for 15 min at room temperature. Cells were then washed twice in 
PBS/BSA, and were finally resuspended at a final concentration of 
10 7 ul In-eosinophils/ml. Eosinophils taken through the labeling pro- 
cedure without addition of ,n InCl3 exhibited no detectable changes in 
cell adhesion molecule expression (data not shown). 

For the in vitro experiments measuring intracellular calcium, eosin- 
ophils were loaded with Fura-2 as previously described for guinea pig 
cells (25). Purified eosinophils (5 X 10 6 cells/ml in PBS with 0.25% 
BSA) were loaded with fura-2-acetoxymethyl ester (1.0 p,M, 30 min 
at 37°C). After two washes, eosinophils were resuspended at 10 6 cells/ 
ml in PBS buffer containing 10 mM Hepes, 0.25% BSA, and 1 mM 
calcium, and were stored on ice. 

Immunization procedure. Animals were immunized with ovalbu- 
min (OVA) adsorbed to aluminium hydroxide gel as previously de- 
scribed (26). In brief, mice were injected subcutaneously on days 1 
and 8 with 0.2 ml of a solution containing 100 fig of OVA and 70 p.g 
of aluminium hydroxide (Reheiss, Dublin, Ireland). 7-8 d after the 
last immunization, the animals were anaesthetized and shaved, and 
antigen (OVA 0.1 and 1.0 u,g per site) was injected intradermally. 
The allergic reaction in mouse skin will be referred to as an active cu- 
taneous anaphylactic (ACA) reaction. 

Evaluation of eosinophil recruitment in mouse skin. 10 min after 
intravenous injection of ul In-eosinophils (10 6 m In-eosinophils/ 
mouse), each animal received up to six intradermal injections (50 uJ 
vol) of recombinant chemokines (1-30 pmol/site), PAF (1.5-500 
pmol/site), LTB 4 (i .5-500 pmol/site), or hC5a (1.5-50 pmol/site). Re- 
cruitment of m In-eosinophils was allowed to occur over a period of 4 h, 
after which the animals were killed, and the number of 11 ^-eosino- 
phils per skin site was quantified after counting on a gamma counter 
(Canberra Packard, Berks, United Kingdom). In some experiments, 
I25 I-human serum albumin ( I25 I-HSA, ~ 5 u.Ci) was added to the 
m In-eosinophils before the cell suspension was injected intrave- 
nously. In these experiments, skin sites were counted in the gamma 
counter, and the counts for each isotope were cross-channel corrected 
for spilldown. Extravasation of 125 I-HSA was expressed as u,l of 
plasma, and was calculated by dividing the number of counts in each 
skin site by the number of counts in 1 u,l of plasma. 

For the experiments assessing in In-eosinophil recruitment in 
ACA reactions, animals were injected intradermally with antigen 4 h 
before the intravenous injection of radiolabeled cells, and "^-eosin- 
ophil recruitment was measured over a period of 4 h. Thus, 1!1 In-eosin- 
ophil recruitment in the ACA reaction was measured from 4 to 8 h 
after intradermal injection of antigen. At the end of the 4-h measure- 
ment period, blood was obtained by cardiac puncture, and the num- 
ber of circulating !I1 In-eosinophils was calculated. 

Time course experiments were carried out to evaluate the optimal 
measurement periods for m In-eosinophil recruitment induced by eo- 
taxin and LTB 4 . Animals were given an intradermal injection of the 
chemoattractant 4 h, 3 h, 2 h, 1 h, and just before intravenous injec- 
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tion of radiolabeled cells. H1 In-eosinophil recruitment was assessed 
over a period of 1 h. Thus, the following measurement periods were 
considered in the time course: 0-1 h, 1-2 h, 2-3 h, 3-4 h, and 4-5 h. 

Treatment with anii-M IP-la polyclonal antibody, antieotaxin anti- 
serum, and metRANTES. To test the efficacy of anti-MIP-la anti- 
body and antieotaxin antiserum, these agents were mixed with chemo- 
kines before intradermal injection of the mixture in mouse skin. To 
block the activity of endogenously generated chemokines, both the 
anti-MIP-la polyclonal antibody and antieotaxin antiserum were 
given intradermally into sites of 4-h-old ACA reactions just before in- 
travenous injection of radiolabeled eosinophils. Anti-MIP-la was 
used at a dose of 50 \l% per site when used with MlP-la, and at 100 jig 
per site when used in sites of ACA reactions. Affinity-purified rabbit 
IgG was used as control. Antieotaxin antiserum was used as a 5 and 
20% dilution in PBS when used with eotaxin, and %s a 20% dilution 
when used in sites of ACA reactions. Nonimmune rabbit serum was 
used as control. MetRANTES (5 jig/mouse) or saline (100 \*X] were 
given subcutaneously at a remote site 30 min before injection of m In- 
eosinophils. metRANTES had no significant effect on the levels of 
circulating ni In-eosinophils measured at 2 or 4 h after their intrave- 
nous injection (data not shown). This dose of metRANTES was cho- 
sen based on its ability to induce maximal inhibition of the recruit- 
ment of eosinophils in the lungs of allergen challenged mice (T.N.C. 
Wells, unpublished observations). In some experiments, ni In-eosino- 
phils were pretreated with 10~ 8 M mEotaxin at 37°C before their in- 
travenous administration. 

Measurement of changes in intracellular calcium. 10 min before 
their use, Fura-2-loaded eosinophils were warmed to 37°C, and 300-jil 
aliquots were dispensed into quartz cuvettes. Changes in fluorescence 
after activation with mEotaxin (10- lo -10- 8 M), mMIP-la (10- 10 -10- fl 
M), or LTB 4 (10~ 7 M) were monitored at 37°C using a fluorimeter 
(LS50; Perkin-Elmer Corp., Beaconsfield, Bucks, United Kingdom) 
at excitation wavelengths 340 and 380 nm, and emission wavelength 
510 nm. MetRANTES was used at a concentration of 10" 6 M. For 
cross-desensitization experiments, the trace was allowed to return to 
baseline levels before addition of a further stimulus. [Ca 2+ ]i levels 
were calculated using the ratio of the two fluorescence readings* and a 

for Ca 2+ binding at 37°C of 224 nM (27). 

Statistical analysis. All results are presented as the mean±SEM. 
Normalized data were analyzed by one-way ANOVA, and, differ- 
ences between groups was assessed using the Student-Newmah-Keuls 
post-test. A P value < 0.05 was considered significant. Percent inhibi- 
tion of m In-eosinophil recruitment in skin was calculated by subtract- 
ing background values obtained in response to intradermal PBS in- 
jection. 



Results 

* 

Effects of lipid mediators and hC5a on 111 In-eosinophil recruit- 
ment in mouse skin. Initial experiments were designed to as- 
sess the effects of chemoattractant agents previously shown to 
induce the direct recruitment of eosinophils in vivo (24, 28). 
The intradermal injection of PAF, LTB 4 , and hC5a induced a 
dose-dependent m In-eosinophil recruitment when measured 
over a 4-h period (Fig. 1). PAP-induced 11 ^n-eosinophil recruit- 
ment was maximal at 50 pmol/site, and there was significant 
cell recruitment at 5 pmol/site. LTB 4 was more effective than 
PAF, but significant m In-eosinophil recruitment was only ob- 
served at doses ^ 15 pmol/site (Fig. 1). C5a induced significant 
111 In-eosinophil recruitment at 50 pmol/site, but it was less ef- 
fective than were the other two mediators tested at similar, doses 
(Fig. 1). PAF, LTB 4 , and hC5a induced significant oedema for- 
mation in mouse skin (for example: PBS, 2.4±*0.5 p.1 of plasma; 
PAF, 50 pmol/site, 7.4±1.2 jjlI; LTB 4 , 150 pmoVsite, 4.5±0.2 uJ; 
C5a, 50 pmol/site, 4.9±1.5 uJ; n = 5). 
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Figure 1. Recruitment of m In-edsinophils to the skin of mice in- 
jected with LTB 4 , PAF, and hC5a. Eosinophils were purified from the 
blood of IL-5-transgenic mice, labelled with In ln and 10 6 in In-eosin- 
ophils injected intravenously into nontransgenic CBA/Ca mice. 10 
min later, the animals received intradermal injections of LTB 4 (1.5- 
500 pmol/site), PAF (1.5-500 pmol/site), or hC5a (5-50 pmol/site). 
After 4 h, the animals were killed, and in In-eosinophils accumulating 
at skin sites were quantified in a gamma counter. The dashed line rep- 
resents background recruitment of m In-eosinophiis in sites injected 
with PBS. Results are expressed as the mean±SEM for 5-6 animals. 



Time-course experiments showed that maximal recruit- 
ment of ni In-eosinophils in response to LTB 4 occurred over 
the first 2 h with little lu In-eosinophil over the next h (Fig. 2). 
PAF- and hC5a-induced ul In-eosinophil was also maximal 
over the first 2 h (data not shown). 

Comparative effects of C-C chemokines on 111 In-eosinophil 
recruitment in mouse skin. The following recombinant murine 
C-C chemokines were tested for their ability to induce lll In- 
eosinophil recruitment in mouse skin: eotaxin, MIP-la t MIP- 
ip, R ANTES, MCP-5, and MCP-l/JE. Intradermal injection 
of mEotaxin and mMIP-la, but not mMIP-ip, mRANTES, 
mMCP-1, or mMCP-5, resulted in significant 1 "In-eosinophil 
recruitment over the 4-h measurement period (Fig. 3). mEo- 
taxin-induced 111 In-eosinophil recruitment was significant at 
1.0 pmol/site, and was not maximal at the highest dose tested 
(Fig. 3). mMIP-lot-induced in In-eosinophil recruitment was 
significant at 3.0 pmol/site, and peaked around 30 pmol/site 
(Fig. 3). Comparable doses of mEotaxin were significantly more 
effective than was mMIP-la when compared in the same ani- 
mal (Fig. 4 a). None of the chemokines at the doses tested 
above induced any significant oedema formation as assessed 
by extravasation of 125 I-HSA (for example: PBS, 2.4±0.3 nl of 
plasma; mEotaxin, 30 pmol/site, 2.5±0.7 |xl; mMIP-la, 30 pmol/ 
site, 2.8±0.4 u,l, n = 4-5). In contrast to LTB 4 , mEotaxin- 
induced in In-eosinophil recruitment was more protracted, and 
significant cell recruitment was observed even when measured 
from 4-5 h after intradermal injection (Fig. 2). 
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Figure 2. Time course of nl In-eosinophil recruitment after intrader- 
mal administration of LTB 4 and mEotaxin in mouse skin. Eosinophils 
were purified from the blood of IL-5-transgenic mice, labelled with 
in In and 10 6 ul In-eosinophils injected intravenously into nontrans- 
genic CBA/Ca mice. Animals were given an intradermal injection of 
LTB 4 (150 pmol/site) or mEotaxin (10 pmol/site) 4 h, 3 h, 2 h, 1 h, and 
just before intravenous injection of radiolabeled cells, and m In- 
eosinophil recruitment was assessed over a period of 1 h. The animals 
were then killed, and in In-eosinophils accumulating at skin sites 
quantified in a gamma counter. The dashed line represents back- 
ground recruitment of ni In-eosinophils in sites injected with PBS. 
Results are expressed as the mean±SEM for four animals. 

The following human recombinant chemokines were tested 
for their ability to induce H1 In-eosinophil recruitment in m.buse 
skin: eotaxin, MlP-la, MCP-3, MCP-4, and RANTES. Similar 
to the results described above, hEotaxin and hMIP-la (Fig. 4 b), 



but not hMCP-3, hMCP-4, or hRANTES, induced significant 
n, ln-eosinophil recruitment (data not shown). Fig. 4b depicts 
the effects of similar doses of hEotaxin and hMIP-la when in- 
jected intradermally into mouse skin. Similar to its murine 
counterparts, hEotaxin was more effective than was hMIP-la, 
and significant 1H In-eosinophil recruitment was observed at 
doses as low as 1.0 pmol/site of hEotaxin (Fig. 4 b). 

The murine recombinant C-X-C chemokines KC and MIP-2 
induced no significant recruitment of ul In-eosinophils when 
injected intradermally in doses of up to 30 pmol/site (data not 
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Figure 3. Comparison of eosinophil-recruiting activities of murine 
C-C chemokines in mouse skin. Eosinophils were purified from the 
blood of lL-5-transgenic mice, labelled with in In and 10 6 J11 ln- 
eosinophils injected intravenously into nontransgenic CBA/Ca mice. 
10 min later, the animals received intradermal injections of mEotaxin 
(0.3-30 pmol/site), mMlP-1 a (1-30 pmol/site), mMIP-10 (1-30 pmol/ 
site), mMCP-l/JE (1-30 pmol/site), mRANTES (1-30 pmol/site), and 
mMCP-5 (1-30 pmol/site). After 4 h, the animals were killed, and 
ul ln-eosinophils accumulating at skin sites were quantified in a 
gamma counter. The dashed lines represent background recruitment 
of m in-eosinophiIs in sites injected with PBS. Results are expressed 
as the meanztSEM for 4-6 animals. 
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Figure 4. Eosinophil recruitment in mouse skin induced by injection 
of murine or human eotaxin and MlP-la. Eosinophils were purified 
from the blood of IL-5-transgenic mice, labelled with ln In and 10 6 
IH In-eosinophils injected intravenously into nontransgenic CBA/Ca 
mice. 10 min later, (a) mEotaxin (3-30 pmol/site) and mMIP-la (3- 
30 pmol/site) or (b) hEotaxin (1-30 pmol/site) and hMIP-la (1-30 
pmol/site) were injected intradermally in the same animals. After 4 h, 
the animals were killed, and m In-eosinophils accumulating at skin 
sites were quantified in a gamma counter. The dashed line represents 
background recruitment of ,n In-eosinophils in sites injected with 
PBS. Results are expressed as the mean±SEM for 4-6 animals. 
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Figure 5, Effects of anti-MIP-la polyclonal antibody on 11 ^-eosino- 
phil recruitment induced by (a) mMIP-la and (b) in a delayed-onset 
allergic reaction in mouse skin. Eosinophils were purified from the 
blood of IL-5-transgenic mice, labelled with H1 In and 10 6 "^-eosin- 
ophils injected intravenously into nontransgenic CBA/Ca mice. OVA 
(1 jig/site) was administered intradermally 4 h before, and mMIP-la 
(10 pmol/site) 10 min after, intravenous injection of ni In-eosinophils. 
Rabbit anti-mMIP-la polyclonal antibody or purified rabbit IgG 
were coinjected with mMIP-la (50 p,g/site), or injected intrader- 
mally into sites of 4-8 h ACA reactions (100 p-g/site) just before the 
intravenous injection of cells. All experiments were performed in 
sensitized animals. After 4 h, the animals were killed, and In ln- 
eosinophils accumulating at skin sites were quantified in a gamma 
counter. The dashed line represents background recruitment of m In- 
eosinophils in sites injected with PBS. Results are expressed as the 
mean±SEM for five animals. *P < 0.05 when compared with PBS, 
and *P < 0.05 when compared with sites treated with rabbit IgG. 
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Figure 6. Suppression of ni In-eosinophil recruitment induced by (a) 
mEotaxin and (£>) in a delayed-onset allergic reaction in mouse skin 
by an antieotaxin antiserum. Eosinophils were purified from the ' ' 
blood of IL-5-transgenic mice, labelled with lu In and 10 6 ,n Iri- 
eosinophils injected intravenously into nontransgenic CB A/Ca'jrn'ce. 
OVA (1 jig/site) was administered intradermally 4 h before, and 
mEotaxin (10 pmol/site) 10 min after intravenous injection of ni ln- 
eosinophils. Rabbit antieotaxin antiserum (HIS, 20% dilution in 
PBS) or rabbit nonimmune serum (NS, 20% dilution in PBS) was 
coinjected with mEotaxin, or injected intradermally into sites of 4-8 h 
ACA reactions just before intravenous injection of cells. After '4 h, 
the animals were killed, and 1H ln-eosinophils accumulating at skin 
sites were quantified in a gamma counter. The dashed line represents 
background recruitment of m In-eosinophils in sites injected with 
PBS. Results are expressed as the mean±SEM for five animals'/ *P < 
0.05 when compared with PBS. # and ** denote P < 0.05 and P < 0.01 1 
respectively, when compared with sites treated with rabbit serum 
(NS). 



shown). In contrast, histological analysis of skin sites injected 
with both C-X-C chemokines revealed a marked neutrophil in- 
filtrate without any infiltrating eosinophils (data not shown). 

Effects of anti-M IP-la polyclonal antibody and antieotaxin 
antiserum on ul In-eosinophil recruitment in a delayed-onset al- 
lergic reactions in mouse skin. To examine the role of MlP-lct 
and eotaxin in allergic inflammation in mouse skin, we evalu- 
ated the effects of antibodies that bind and neutralize these 
chemokines. Ovalbumin-sensitized mice were challenged with 
OVA and lu In-eosinophil recruitment assessed from 4-8 h af- 
ter antigen challenge, a period at which maximal in In-eosino- 
phil recruitment occurs (M.M. Teixeira and P.G. Hellewell, 
unpublished observations). At a dose of 50 u-g/site, the rabbit 
anti-mMIP-loc polyclonal antibody reduced in In-eosinophil 
recruitment induced by mMIP-lot to basal levels (Fig. 5 a). In 
contrast, the anti-mMIP-lct antibody used at 100 u,g/site failed 
to modify 1H In-eosinophil recruitment in the 4-8 h ACA reac- 
tion (Fig. 5 b). 

We then examined the effects of a rabbit anti-mEotaxin an- 
tiserum on in In-eosinophil recruitment induced by mEotaxin 
and in the 4-8 h ACA reaction. Dilutions of 5 and 20% of the 
antiserum in PBS blocked lll In-eosinophil recruitment in- 
duced by mEotaxin by 45% and 94%, respectively (Fig. 6 a). 
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Figure 7. Changes in the intracellular calcium levels in murine eo- 
sinophils in response to mEotaxin and mMIP-la. Eosinophils were 
purified from the blood of IL-5-transgenic mice and labelled with 
Fura-2. Changes in fluorescence after activation with eotaxin 
(10~ 8 M) and MlP-la (10~ 8 M) were monitored at 37°C using a fluo- 
rimeter. The arrows indicate the time of addition of the stimulus. Re- 
sults are representative of at least four experiments using cells from 
different donors. 
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The 20% antiserum dilution was then chosen to be tested 
against the ACA reaction. As shown in Fig. 6 b, intradermal 
injection of antieotaxin antiserum into sites of ACA reaction 
just before intravenous injection of in In-eosinophils, inhibited 
the recruitment of these cells by 55%. Together, these results 
suggest an important role for eotaxin, but not for MlP-la, in 
mediating eosinophil migration into sites of delayed-onSet al- 
lergic inflammation in mouse skin. 

Effects of mEotaxin and mMIP-la on intracellular calcium 
levels in eosinophils. Activation of eosinophils with mEotaxin 
induced a significant elevation in the intracellular calcium lev- 
els in eosinophils (Fig. 7). mEotaxin-induced calcium eleyation 
was detected at concentrations > 10" 10 M eotaxin, and was 
maximal at 10" 8 M (data not shown). Similarly, mMIP-la- 
induced intracellular calcium elevation in eosinophils (Fjg. 7) 
was detected at concentrations greater than 2 X 10~ 9 M, and 
was maximal at 2 x 10" 8 M (data not shown). As shown in Fig. 
7, mEotaxin completely desensitized responses to further stim- 
ulation with mEotaxin, and significantly inhibited by 73%-(n — 
5) responses to a further stimulation with mMIP-la. Similarly, 
mMIP-la desensitized responses to itself, ana*partially inhib- 
ited by 52% (n = 4) the intracellular calcium elevatioii in- 
duced by a second stimulation with mEotaxin (Fig. 7). Neither 
mEotaxin or mMIP-la modified responses to a subsequent 
stimulation with LTB 4 (data not shown; see also Fig. 8 a): 

Effects of deserts it ization and blockade of the eotaxin. recep- 
tor on 111 In-eosinophil recruitment in a delayed-onset gtlergic 

w 

reaction in mouse skin. As shown in Fig. 7, mEotaxin desensi- 
tized eosinophils to a further stimulation by mEotaxin or 
mMIP-la. To establish whether desensitized eosinophils would 
be impaired in their capacity to recruit in vivo, aliquots of 
the same batch of in In-eosinophils were pretreated with buf- 
fer or 10~ 8 M mEotaxin for 10 min at 37°C, and were injected 
intravenously into recipient animals. Compared with buffer 
pretreatment, pretreatment with mEotaxin significantly; atten- 
uated ni In-eosinophil recruitment into skin sites induced by 
mEotaxin, mMIP-la, and in the 4-8 h ACA reaction by- 51, 60, 
and 65%, respectively (Table I). In contrast, 11 ^n-eosinophil re- 
cruitment induced by LTB 4 was not altered (Table I). Pretreat- 



Table I. Desensitization of the Eotaxin Receptor Suppresses 
ni In-eosinophil Recruitment in a Delayed-onset Allergic * 
Reaction in Mouse Skin . 



Stimulus 


n, In-eosinophils per skin sildf 


Control 


mEotaxin-prctreated 


PBS 


772 ±56 


662±1'03 


LTB 4 150 pmol 


3166±210 


3170±294 


mEotaxin 10 pmol 


2881 ±434 


1705±617* 


mMIP-la 10 pmol 


2160±350 


1212±117* 


ACA reaction (1 M-g of OVA) 


15441 ±6219 


5823±1010* 

.■ 



ni In-eosinophils were pretreated with buffer (control) or 10" 8 Jvi.mEo- 
taxin for 10 min at 37°C and injected intravenously into recipient ani- 
mals. OVA was administered intradermal!)- into sensitized animals 4 h 
before, and direct-acting chemoattractants just after, the intravenous in- 
jection of in ln-eosinophils. Their recruitment was measured after a fur- 
ther 4 h. Results are mean±SEM for four animals in each group. *P < 
0.05. 



ment of eosinophils with mEotaxin did not reduce significantly 
the number of m In-eosinophils circulating at 4 h (control, 7.2± 
0.9% of total ni In-eosinophils injected; mEotaxin-treated, 
5.4±1.6%,n = 4). 

Extension of hRANTES by retaining the initiating me- 
thionine produces a potent antagonist at the CCR1 receptor 
(29). To assess whether metR ANTES would also inhibit the 
murine eotaxin receptor, we evaluated the effects of met- 
RANTES on elevation of intracellular calcium induced by 
mEotaxin. As seen in Fig. 8 a y metRANTES significantly re- 
duced mEotaxin- but not LTB 4 - induced intracellular calcium 
elevation in eosinophils. Thus, in addition to blocking the ac- 
tion of chemokines on the human CCR1 receptor (29), met- 
RANTES also blocks the action of chemokines on the murine 
CCR3 receptor. Next we examined the effects of systemic 
treatment with metRANTES on the in In-eosinophil recruit- 
ment induced by mEotaxin and in the 4-8 h ACA reaction; 
metRANTES (5 u.g/mouse) was administered subcutaneously 
30 min before the intravenous injection of lu In-eosinophils. As 
seen in Fig. 8 b, metRANTES blocked lu In-eosinophil recruit- 
ment induced by eotaxin and in the ACA reaction by 45 and 
68%, respectively, but had no effect on the response to LTE^. 

Discussion 

There is considerable evidence in support of an important role 
for eosinophils in the pathophysiology of allergic diseases such 
as asthma and atopic dermatitis (2, 30, 31). A detailed under- 
standing of the molecular mechanisms that govern the eosino- 
phil recruitment into tissues during inflammation is essential if 
eosinophil-specific pharmacological therapies are to be devel- 
oped for treatment of allergic diseases (3). In this study, using 
eosinophils purified from the blood of IL-5 transgenic mice, 
we have evaluated and compared the in vivo capacity of C-C 
chemokines to induce eosinophil recruitment, and. have as- 
sessed the role of endogenous eotaxin and of the eotaxin re- 
ceptor in mediating eosinophil migration into sites of delayed- 
onset allergic inflammation in mouse skin. 

Initial studies were carried out to investigate the chemoat- 
tractant effects of mediators previously shown to induce eosin- 
ophil recruitment when injected intradermally in the skin of 
guinea pigs, namely PAF, LTB 4 , and C5a (24, 28). These in- 
flammatory mediators induced significant cell recruitment and 
oedema formation when injected intradermally. Although 
LTB 4 appeared to be more effective than the other mediators, 
PAF induced significant migration of cells at doses as low as 5 
pmol/site. Next, we examined the effects of a range of chemo- 
kines previously shown to stimulate various eosinophils func- 
tions in vitro (14-17, 32). Of the chemokines tested, only 
eotaxin and MlP-la induced significant recruitment of 
m In-eosinophils, but eotaxin was consistently more effective 
than was MlP-la. In agreement with studies evaluating the in 
vitro activation of murine eosinophils (33, 34), both human 
and murine recombinant proteins induced significant recruit- 
ment of in In-eosinophils. Although R ANTES appears to acti- 
vate human eosinophils via the eotaxin receptor CCR3 (6, 14), 
neither mRANTES nor hRANTES induced significant re- 
cruitment of in In-eosinophils in mouse skin. This result is con- 
sistent with the lack of effect of hRANTES on the levels of in- 
tracellular calcium in murine and guinea pig eosinophils (16, 
35, 36), but contrasts with the capacity of hRANTES to in- 
duce eosinophil recruitment in dog (37) and Rhesus monkey 
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(38) skin. Moreover, the chemokines mMIP-lp, mMCP-l/JE, 
hMCP-3, and hMCP-4 failed to trigger calcium flux in eosino- 
phils (36), and failed to induce significant ul In-eosinophil re- 
cruitment in our in vivo model. Finally, mMCP-5 failed to in- 
duce significant recruitment of lu In-eosinophils when injected 
intradermally in mouse skin. This result is consistent with the 
lack of ability of this chemokine to activate murine eosinophils 
in vitro (39). 

The lipid mediators and C5a induced significant oedema 
formation at the doses tested, but none of the chemokines had 
this effect. These results are in contrast to the swelling-induc- 
ing activity of hMIP-la and hMCP-1 when injected into the 
footpad of mice (40). In the latter study, immediate swelling 
was accompanied by mast cell degranulation and cell recruit- 
ment, although a more direct measure of increased vascular 
permeability was not assessed (40). Thus, it is unclear whether 
chemokine-induced swelling was due to oedema formation, or 
just to local cell infiltration. As we failed to observe any 
oedema formation in response to the intradermal injection of 
chemokines and mast cell degranulation, our results suggest 
that mast cell degranulation is unlikely to explain the observed 
recruitment of lu In-eosinophils. Thus, our results suggest that 
the chemokines eotaxin and MlP-la are potent and effective 
direct inducers of in In-eosinophil recruitment in mouse skin. 

Like human eosinophils (12), eosinophils purified from 11^5 
transgenic mice have been shown to possess two receptors that 
mediate the action of chemokines CCR1 and CCR3 (41). To 
investigate whether eotaxin and MlP-la could activate eosino- 
phils purified from the blood of IL-5 transgenic mice via a dis- 
tinct or the same receptor, we assessed the ability of these 
chemokines to induce cross-desensitization of the calcium re- 
sponse. Both eotaxin and MlP-la desensitized the intracellu- 
lar calcium elevation when cells were activated by the same 
chemokine subsequently, and markedly desensitized responses 
to each other at the concentrations used. As eotaxin appears 
not to bind to the CCR1 receptor, it is possible that both eo- 
taxin and MlP-la induce intracellular calcium elevation in 
eosinophils by activating the CCR3 receptor. This possibility is 



Figure 8. Modulation by metRANTES of (a) mEotaxin-induced in- 
tracellular calcium elevation in eosinophils, and (b) ul In-eosinophil 
recruitment induced by mEotaxin, LTB 4 , and in a delayed-onset al- 
lergic reaction in mouse skin, (a) Eosinophils were purified from the 
blood of IL-5-transgenic mice and labeled with Fura-2. Eosinophils 
were pretreated with buffer or MetRANTES (10~ 6 M) for 2 min, 
and were then activated with eotaxin (10~ 8 M). Changes in fluores- 
cence were monitored at 37°C using a fluorimeter. The arrows indi- 
cate the time of stimulus addition. Results are representative of two 
experiments using cells from different donors, (b) Eosinophils were 
purified from the blood of IL-5- transgenic mice, labelled with IH In 
and 10 6 m In-eosinophils injected intravenously into nontransgenic 
CBA/Ca mice. OVA (1 jxg/site) was administered intradermally 4 h 
before, and mEotaxin (10 pmol/site) and LTB 4 (150 pmol/site) 10 min 
after intravenous injection of m In-eosinophils. MetRANTES (5 jig/ 
mouse, closed bars) or saline (open bars) was given subcutaneously 30 
min before intravenous injection of ni In-eosinophils. After 4 h, the 
animals were killed, and ni In-eosinophils accumulating at skin sites 
were quantified in a gamma-counter. The dashed lines represent 
background recruitment of 1H In-eosinophils in sites injected with 
PBS. Results are expressed as the mean±SEM for 4-8 animals. 
* and ** denote P < 0.05 and P < 0.01, respectively, when compared 
with saline-treated animals. 
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in agreement with the ability of murine and human MlP^a to 
bind the mCCR3 receptor (41), but not the hCCR3 receptor 
(12, 13). An alternative explanation for the data, however, is 
that there is cross-desensitization between the CCR1> and 
CCR3 receptors. In this respect, it has recently been reported 
that MlP-lot and eotaxin signaled via two distinct pathways 
(CCR1 and CCR3, respectively) in murine eosinophils purified 
from spleen of IL-5 transgenic mice (36, 42). These results sug- 
gest that eotaxin appears to activate the mCCR3 receptOF, and 
MlP-la the mCCRl receptor. Moreover, our results suggest 
that there is receptor cross-desensitization that might /occur 
through distinct receptors as reported for chemoattractaftt re- 
ceptors on human neutrophils (43). Further studies using re- 
ceptor-specific tools are needed to clarify and evaluate the in- 
tracellular mechanisms underlying CCR1 and CCR3 receptor 
cross-desensitization in mouse eosinophils. 

Because exogenous MlP-la and eotaxin induced effective 
recruitment of in In-eosinophils, we evaluated whether block- 
ade of the action of the endogenous chemokines would modu- 
late the recruitment of m In-eosinophils in sites of allergic in- 
flammation in mouse skin. Intradermal administration 'of an 
anti-MIP-lot polyclonal antibody completely inhibited recruit- 
ment of ul In-eosinophils induced by MIP-la, but failed to 
modulate the recruitment of these cells in the 4-8-h ApA re- 
action. These results contrast with previous studies demon- 
strating an important role for MIP-la in mediating eosinophil 
recruitment in the lung of Schistosoma mansoni egg arftigen- 
sensitized and -challenged animals (20). In the latter studies, 
however, the anti-MIP-lot antibody was given before aittigen 
challenge, and could thus modulate migration of mononuclear 
cells into the lung, or reduce their activation before eosinophil 
recruitment. In agreement with this hypothesis, MIP-lct has 
been shown to play an important role in directing the crlemo- 
attraction of mononuclear inflammatory cells in the T-cell- 
mediated autoimmune disease, experimental autoimmune en- 
cephalomyelitis (44). Alternatively, there could be a differential 
role for MIP-la in mediating eosinophil recruitment in the 
lung (20) and skin (this study) of mice. In this respect, we. have 
observed no effect of a polyclonal anti-MIP-la on eosinophil 
recruitment induced by intradermal injection of Schistosoma 
egg antigen in sensitised mice (M.M. Teixeira and P.G. 
Hellewell, unpublished observations). 

In contrast to the lack of effect of the anti-MIP-id anti- 
body, an antiserum raised against mEotaxin suppressed 1H In- 
eosinophil recruitment into sites of 4—8 h ACA reaction by 
55%; the first study to demonstrate a role for endogenous'eo- 
taxin in mediating eosinophil recruitment into cutaneous sites 
of allergic inflammation. Moreover, the results are in agree- 
ment with previous studies assessing the role of endogenous 
eotaxin in mediating recruitment of eosinophils into the lung 
of allergen-sensitized mice (18, 21), Thus, blockade of eptaxin 
with a polyclonal antibody (18) or by target disruption, of the 
eotaxin gene (21) showed inhibition of 56 and 70% of the 
number of eosinophils in the bronchoalveolar lavage fluid of 
mice. Similarly, there was a 50% inhibition of eosinophil re- 
cruitment into the eyes of eotaxin-deficient mice challenged 
with antigens of the parasite Onchocerca volvulus (21)." To- 
gether, these studies provide strong evidence to suggest an im- 
portant role for eotaxin in inducing eosinophil recruitment 
into sites of allergic inflammation in different tissues. 

We have previously shown that blocking the eotaxin recep- 
tor with the human chemokine RANTES blocked eosinophil 



recruitment in response to eotaxin in guinea pig skin (35). To 
evaluate whether intervention at the level of the eotaxin 
(CCR3) receptor would also modulate eosinophil recruitment 
into sites of allergic inflammation in mouse skin, two strategies 
were used; blockade of the receptor with metR ANTES, and 
desensitization of the receptor with mEotaxin. Extension of 
hRANTES by the retention of the initiating methionine pro- 
duces a protein that is a potent antagonist at the human CCR1 
receptor (29). The demonstration that metRANTES also 
blocks the effects of mEotaxin on murine eosinophils both in 
vitro and in vivo demonstrates that metRANTES also acts on 
the mEotaxin receptor CCR3. These results are consistent 
with the capacity of hRANTES to act as antagonist of eotaxin- 
induced elevation in intracellular calcium in murine (data not 
shown) and guinea pig eosinophils (35). When administered 
systemically, metRANTES inhibited eosinophil recruitment 
into sites of allergic inflammation in mouse skin by 68%. Simi- 
larly, pretreatment of eosinophils with eotaxin at a concentra- 
tion that desensitized eosinophils to further stimulation by eo- 
taxin and MIP-la, inhibited eosinophil recruitment in sites of 
allergic inflammation by 65%. Interestingly, eosinophil recruit- 
ment induced by exogenous eotaxin was less inhibited by these 
two strategies than were responses in sites of ACA reactions. 
In contrast to the ACA reaction where mediators are likely to 
be released continuously over a protracted period, exogenous 
administration of eotaxin achieves a high local concentration 
(2 X 10~ 7 M) that declines. The latter may be more difficult to 
inhibit, and indeed the ability of eotaxin to desensitize itself 
has been reported to be dose-dependent, and not observed 
with high concentrations of the chemokine (36). Future studies 
with better CCR3 receptor antagonists should clarify the rea- 
sons underlying the lesser inhibition of exogenous eotaxin- 
induced eosinophil recruitment. 

Recently, Heath et al. (45) reported that an antibody that 
recognizes the human CCR3 receptor effectively blocked the 
action of different eosinophil-active chemokines on human 
eosinophils in vitro. Taken together with our in vivo observa- 
tions, these results suggest that blockade of the CCR3 receptor 
is a valid strategy to inhibit eosinophil migration in vivo, and 
that development of drugs that block the human CCR3 is a 
feasible strategy for treatment of allergic diseases in man. 

Acknowledgments 

This work was funded by the National Asthma Campaign and The 
Wellcome Trust. M.M. Teixeira is a recipient of postdoctoral fellow- 
ship from Novartis, Switzerland. N.W. Lukacs and S.L. Kunkel were 
supported by National Institutes of Health grants AI36302 and 
HL35276, respectively. 

References 

1. Weller, P.F. 1991. The immunobiology of eosinophils. N. Engl J Med 
324:1110-1118. 

2. Bullerfield, J.H., and K.M. Leiferman. 1993. Eosinophil-associaled dis- 
eases. In Immunopharmacology of Eosinophils. H. Smith and R.M. Cook, edi- 
tors. Academic Press Limited, London. 152-192. 

3. Teixeira, M.M., TJ. Williams, and P.G. Hellewell. 1995. Mechanisms and 
pharmacological manipulation of eosinophil accumulation in vivo. Trends 
Pharmacol Sci 16:418-423. 

4. Lukacs, N.W., R.M. Strieter, S.W. Chensue, and S.L. Kunkel. 1996. Acti- 
vation and regulation of chemokines in allergic airway inflammation. J. Leuko- 
cyte Biol 59:13-17. 

5. Schall, T.J., and K.B. Bacon. 1994. Chemokines, leukocyte trafficking, 
and inflammation. Curr. Opin. Immunol. 6:865-873. 



Eotaxin and Eosinophil Recruitment 1665 



6. Kita, H., and G J. Gleich. 1996. Chemokines active on eosinophils: poten- 
tial roles in allergic inflammation./. Exp. Med. 183:2421-2426. 

7. Power, C.A., and T.N.C. Wells. 1996. Cloning and characterization of hu- 
man chemokine receptors. Trends Pharmacol Sci 17:209-213. 

8. Bacon, K.B., and T.J. Schall. 1996. Chemokines as mediators of allergic 
inflammation, Int. Arch. Allergy Immunol. 109:97-109. 

9. Bazan, J.F., K.B. Bacon, G. Hard i man, W. Wang, D.R. Greaves, A. £lot- 
nik, and TJ. Schall. 1997. A new class of membrane-bound chemokine with a 
CX 3 C motif. Nature (LoncL). 385:640-644. 

10. Murphy, P.M. 1996. Chemokine receptors: structure, function and role 
in microbial pathogenesis. Cytokine Growth Factor Rev. 7:47-64. 

11. Mackay, C.R. 1996. Chemokine receptors and T cell chemotaxis.sA Exp. 
Med. 184:799-^802. 

12. Ponath, P.D., S. Qin, T.W. Post, J. Wang, L. Wu, N.P. Gerard, W. New- 
man, C. Gerard, and C.R. Mackay. 1996. Molecular cloning and characteriza- 
tion of a human eotaxin receptor expressed selectively on eosinophils. /. Exp. 
Med. 183:2437-2448. 

13. Daugherty, B.L., S J. Sicitiano, J. DeMartino, L. Malkowitz, A. Siron- 
tino, and M.S. Springer. 1996. Cloning, expression and characterization of the 
human eosinophil eotaxin receptor. /. Exp. Med. 183:2349-2354. -, 

14. Kameyoshi, Y., A. Dorschner, A.I. Mallet, E. Christophers, -and J. 
Schroder. 1992. Cytokine RANTES released by thrombin-stimulated platelets 
is a potent attractant for human eosinophils./. Exp. Med. 176:587-592. " ; , 

15. Rot, A., M. Krieger, T. Brunner, S.C. Bischoff, TJ. Schall, and C,A. Da- 
hinden. 1992. RANTES and macrophage inflammatory protein la induce the 
migration and activation of normal human eosinophil granulocytes. J. Exp. 
Med. 176:1489-1495. 

16. Jose, PJ., D.A. Griffiths-Johnson, P.D. Collins, D.T. Walsh, R. Moqbel, 
N.F. Totty, O. Truong, J J. Hsuan, and TJ. Williams. 1994. Eotaxin: a potent 
eosinophil chemoat tract ant cytokine detected in a guinea-pig model of allergic 
airways inflammation. 7. Exp. Med. 179:881-887. 

17. Uguccioni, M., P. Loetscher, U. Forssmann, B. Dewald, H. Li/ S.H. 
Lima, Y. Li, B. Kreider, G. Garotta, M. Thelen, and M. Baggiolini. 1996-. Mono- 
cyte chemotactic protein 4 (MCP-4), a novel structural and functional analogue 
of MCP-3 and eotaxin./. Exp. Med. 183:2379-2384. 

18. Gonzalo, J., CM. Lloyd, L. Kremer, E. Finger, C. Martinez-A., M.H. 
Siegelman, M.I. Cybulsky, and J. Gutierrez- Ramos. 1996. Eosinophil recruit- 
ment to the lung in a murine model of allergic inflammation. The role of T cells, 
chemokines and adhesion receptors. /. Clin. Invest. 98:2331-2345. 

19. Lukacs, N.W., S.L. Kunkel, R.M. Srieter, K. .wfrmington, and S.W. 
Chensue. 1993. The role of macrophage inflammatory protein la in Schisto- 
soma mansoni egg-induced granulomatous inflammation. /. Exp. Med 177: 
1551-1559. 

20. Lukacs, N.W., R.M. Stricter, C.L. Shaklee, S.W. 'Chensue, and S.L. 
Kunkel. 1995. Macrophage inflammatory protein-la influences eosinophil re- 
cruitment in antigen-specific airway inflammation. Eur. J. Immunol 25:245-251. 

21. Rothenberg, M.E., J. A. MacLean, E. Pearlman, A.D. Luster, and P. Le- 
der. 1997. Targeted disruption of the chemokine eotaxin partially reduces anti- 
gen-induced tissue eosinophilia./. Exp. Med. 4:1-6. •.' 

22. Dent, L.A., M. Strath, A.L. Mellor, and CJ. Sanderson. 1990! Eosino- 
philia in transgenic mice expressing interleukin 5./. Exp. Med. 172:1425-1431. 

23. Teixeira, M.M., A.G. Rossi, TJ. Williams, and P.G. Hellewell. 1994. Ef- 
fects of phosphodiesterase isoenzyme inhibitors on cutaneous inflammation in 
the guinea-pig. Br. J. Pharmacol. 112:332-340. 

24. Faccioli, L.H., S. Nourshargh, R. Moqbel, F.M. Williams, R.'Sehmi, 
A.B. Kay, and TJ. Williams. 1991. The accumulation of ni In-eosinophils in- 
duced by inflammatory me diators in vivo. Immunology. 73:2 22-227. . . 

25rTeixeira, M.M^~M.A. Giembycz, M.A. Lindsay, and PTGT HeTlewell. 
1997. Pertussis toxin reveals distinct early signalling events in platelet-activating 
factor-, leukotriene B 4 - and C5a-induced eosinophil homotypic aggregation in 
vitro and recruitment in vivo. Blood. 89:4566-4573. 

26. Das, A.M., RJ. Flower, P.G. Hellewell, M.M. Teixeira, and M. Rerretti. 
1997. A novel murine model of allergic inflammation to study the effect of dexa- 
methasone on eosinophil recruitment. Br. J. Pharmacol. 121:97-104. 

27. Grynkiewicz, G., M. Poenie, and R.Y. Tsien. 1985. A new generation of 
Ca 2+ indicators with greatly improved fluorescence properties. /. Biol Chem. 
260:3440-3450. 

28. Teixeira, M.M., and P.G. Hellewell. 1994. Effect of a 5-lipoxygenase in- 



hibitor, ZM 230487, on cutaneous allergic inflammation in the guinea-pig. Br. J. 
Pharmacol 111:1205-1211. 

29. Proudfool, A.E.I., C.A. Power, AJ. Hoogerwerf, M. Montjovent, F. 
Borlat, R.E. Offord, and T.N.C. Wells. 1996. Extension of recombinant human 
RANTES by the retention of the initiating methionine produces a potent an- 
tagonist./. Biol Chem. 271:2599-2603. 

30. Djukanovic, R., W.R. Roche, J.W. Wilson, C.R.W. Beasley, O.P. Twen- 
tyman, P.H. Howarth, and ST. Holgate. 1990. Mucosal inflammation in 
asthma. Am. Rev. Respir. Dis. 142:434-457. 

31. Leiferman, K.M. 1989. Eosinophils in atopic dermatitis. Allergy (Copen- 
hagen). 44:20-26. 

32. Jia, G., J. Gonzalo, C. Lloyd, L. Kremer, L. Lu, C. Martinez-A., B.K. 
Wershil, and J. Gutierrez-Ramos. 1996. Distinct expression and function of the 
novel mouse chemokine monocyte chemotactic protein-5 in lung allergic in- 
flammation./. Exp. Med. 184:1939-1951. 

33. Gonzalo, J., G. Jia, V. Aguirre, D. Friend, A J. Coyle, N.A. Jenkins, G. 
Lin, H. Katz, A. Lichtman, N. Copeland, et a). 1996. Mouse eotaxin expression 
parallels eosinophil accumulation during lung allergic inflammation but it is not 
restricted to a Th2-type response. Immunity. 4:1-14. 

34. Gao, J., and P.M. Murphy. 1995. Cloning and differential tissue-specific 
expression of three mouse 0 chemokine receptor-like genes, including the gene 
for a functional macrophage inflammatory protein-la receptor. /. Biol. Chem. 
270:17494-17501. 

35. Marleau, S., D.A. Griffiths- Johnson, P.D. Collins, Y.S. Bakhle, TJ. Wil- 
liams, and PJ. Jose. 1996. Human RANTES acts as a receptor antagonist for 
guinea pig eotaxin in vitro and in vivo./. Immunol 157:4141-4146. 

36. Rothenberg, M.E., R. Ownby, P.D. Mehlhop, P.M. Loiselle, M. Van de 
Rijn, J.V. Bonventre, H.C Oetlgen, P. Leder, and A.D. Luster. 1996. Eotaxin 
triggers eosinophil-selective chemotaxis and calcium flux via distinct receptor 
and induces pulmonary eosinophilia in the presence of interleukin 5 in mice. 
Mol. Med. 2334-348. 

37. Meurer, R., G. van Riper, W. Feeney, P. Cunningham, D. Hora, M.S. 
Springer, D.E. Maclnlyre, and H. Rosen. 1993. Formation of eosinophilic and 
monocytic intradermal inflammatory sites in the dog by injection of human 
RANTES but not human monocyte chemoat tractant protein 1, human mac- 
rophage inflammatory protein la, or human interleukin 8. /. Exp. Med. 178: 
1913-1921. 

38. Ponath, P.D., S. Qin, D J. Ringler, I. Clark-Lewis, J. Wang, N. Kassam, 
H. Smith, X. Shi, J. Gonzalo, W. Newman, el al. 1996. Cloning of the human 
eosinophil chemoattractant, eotaxin. Expression, receptor binding and func- 
tional properties suggest a mechanism for the selective recruitment of eosino- 
phils. /. Clin. Invest. 97:604-612. 

39. Sarafi, M.N., E.A. Garcia-Zepeda, J .A. MacLean, I.F. Charo, and A.D. 
Luster. 1997. Murine monocyte chemoattractant protein (MCP)-5: a novel CC 
chemokine that is a structural and functional homologue of human MCP-1. /. 
Exp. Med. 185:99-109. 

40. Alam, R., D. Kumar, D. Anderson-Walters, and P.A. Forsythe. 1994. 
Macrophage inflammatory protein-la and monocyte chemoattractant peptide-1 
elicit immediate and late cutaneous reactions and activate murine mast cells in 
vivo./. Immunol. 152:1298-1303. 

41. Post, T.W., C.R. Bozic, M.E. Rothenberg, A.D. Luster, N. Gerard, and 
C. Gerard. 1995. Molecular characterization of two murine eosinophil 3 
chemokine receptors. /. Immunol 155:5299-5306. 

42. Gao, J., A.I. Sen, M. Kitaura, O. Yoshie, M.E. Rothenberg, P.M. Mur- 
phy, and A.D. Luster. 1996. Identification of a mouse eosinophil receptor for 
the CC chemokine eotaxin. Biochem. Biophys. Res. Commun. 223:679^84. 

43. Sabroe, I., TJ. Williams, C.A. Hebert, and P.D. Collins. 1997. Chemoat- 

tractant cross-desensilization of the human neutrophil IL-8 receptor involves 
receptor internalization and differential receptor subtype regulation. /. Immu- 
nol 158:1361-1369. 

44. Karpus, WJ., N.W. Lukacs, B.L. McRae, R.M. Strieler, S.L. Kunkel, 
and S.D. Miller. 1995. An important role for the chemokine macrophage in- 
flammatory protein 1 -alpha in the pathogenesis of the T cell-mediated disease, 
experimental autoimmune encephalomyelitis./. Immunol 155:5003-5010. 

45. Heath, H., S. Qin, L. Wu, G. LaRosa, N. Kassam, P.D. Ponath, and C.R. 
Mackay. 1997. Chemokine receptor usage by human eosinophils. The impor- 
tance of CCR3 demonstrated using an antagonistic monoclonal antibody. /. 
Clin. Invest. 99:178-184. 



1666 



Teixeira et al. 



Journal of Gastroenterology uwtd Hepaiology (1997) 12, 801-808 



COLITIS 

Selective depletion of neutrophils by a monoclonal antibody, RP-3, 
suppresses dextran sulphate Sodium-induced colitis in rats 
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*Third Department of Internal Medicine, Niigata University School of Medicine, Department of Pathology, 
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Abstract Administration of dextran sulphate sodium to animals induces acute colitis characterized by 
infiltration of large numbers of neutrophils into ,the colonic mucosa, which histologically resembles 
human active ulcerative colitis. It has been reported that neutrophils and the reactive oxygen metabolites 
produced by them are involved in the progress of ulcerative colitis. This study was intended to clarify 
their roles by using this animal model. First, possible sources and species of reactive oxygen metabolites 
were determined using luminol-dependent chemiluminescence with addition of enzyme inhibitors and 
reactive oxygen metabolite scavengers. Next, to examine whether neutrophils and hypochlorous acid 
derived from them contribute to tissue injury, we administered RP-3, a monoclonal antibody capable of 
selectively depleting neutrophils, and taurine, a hypochlorous acid scavenger, to rats treated with dextran 
sulphate sodium. Addition of azide, taurine, catalase, superoxide dismutase and dimethyl sulphoxidc into 
colonic mucosal scrapings significantly inhibited chemiluminescence production, but allopurinol and 
indomethacin had no effects. These results suggest that excessive hypochlorous acid, hydrogen peroxide, 
superoxide anion and hydroxyl radical are generated by the inflamed colonic mucosa. Intraperitoneal 
injections of RP-3 significantly suppressed bleeding, tissue myeloperoxidase activity, chemiluminescence 
production and erosion formation. On the other hand, administration of taurine tended to inhibit 

bleeding and erosion formation to some extent, although it could not significantly suppress them. These 

data suggest that neutrophils play an important role in the development of this colitis and that 
hypochlorous acid might be one of the causes of tissue injury induced by neutrophils. 

Key words: colitis, dextran sulphate sodium, monoclonal antibody, neutrophil depletion. 



INTRODUCTION 

Although many factors have been implicated in the 
pathogenesis of ulcerative colitis (UC), 1,2 its precise 
mechanism remains unclear. It has been proposed that: 
neutrophils play an important role in its development,; 
qs marked infiltration of neutrophils has been identified 
in the colonic mucosa of patients with active UC 3 They 
are generally understood to contribute to the inflam- 
matory response by secreting a variety of proteases, 
producing reactive oxygen metabolites (ROM), and 
synthesizing and releasing leukotrienes. 4 

Oral administration of dextran sulphate sodium 
(DSS) induces colitis in animals, which histologically 
mimics human UC. 5 " 7 It has been reported that the 
actions of DSS on colonic epithelial cells, macrophages, 
and intestinal microflora are likely to be involved in the 



pathogenesis of this colitis. 5 * 6,8 ~ , ° On the other hand, we 
and other investigators have described the accumulation 
of numerous neutrophils and the excessive production 
of ROM in the DSS-treated colonic mucosa. 5 7,11 
Therefore, we hypothesized that neutrophils partici- 
pated in the development of DSS-induced colitis. The 
present study was designed to investigate the role of 
neutrophils and the involvement of ROM derived from 
them in this model. 



METHODS 
Animals 

Male Wistar rats (Charles River Japan, Kanagawa, 
Japan) weighing 180-200 g were housed separately in 



Correspondence: Dr Masaaki Natsui, Third Department of Internal Medicine, Niigata University School of Medicine, 
Asahimachi-dori 1-757, Niigata 951, Japan. 
Accepted for publication 23 July 1997. 



Supplied by The British Library - "The world's knowledge" 



802 



M Natsui et al. 



cages under standard laboratory conditions and allowed 
free access to pelleted chow and tap water. 

Induction of colitis 

Colitis was induced by giving 9% (w/v) DSS (5000 mol 
weight; Wako Jyunyaku Co., Tokyo, Japan) dissolved in 
distilled water (DW) as drinking water for 3 days. 
Normal control animals were given DW for the same 
period. They were killed under pentobarbital anaes- 
thesia after 3 days of the treatment. 

Ex vivo luminol-dependent chemUuminescence 
assay 

After death, the colon (except for the caecum) was 
removed and divided into four equal segments. Because 
DSS-induced inflammation was obviously dominant in 
the distal colon, 5 the most distal segment was used in this 1 
assay. The mucosa scraped from this segment was. placed 
in 980 uL of Hanks* balanced salt solution (HBSS; t 
Gibco BRL, Grand Island, NY, USA) and suspended by 
vortex for a few seconds- The suspension was equally 
divided and mixed with 500 uL of HBSS with or without 
an enzyme inhibitor/a ROM scavenger in scintillation test 
tubes. The following reagents were used as inhibitors or ; 
scavengers: azide (final concentration, 1 mmol/Lj Sigma 
Chemical Co., St. Louis, MO, USA); catalase (from 
bovine liver, 3000 U/mJU Sigma); taurine (20 mmol/L; 
Sigma); superoxide dismutasc (SOD, from bovine 
erythrocytes, 300 U/mL; Sigma); dimethyl sulphoxide 
(DMSO, 5%; Sigma); allopurinol {400 mg/mL; Sigma); 
and indomethacin (100 mmol/L; Sigma). ' 3 ' ,3 They were 
all dissolved in HBSS on the experimental day. The < 
sample was placed in a chemiluminometer (Lumat 
LB9501; Berthold, Germany) and mixed with IOuL of 
luminol (Sigma) solution (30mmol/L luminol and 
60 mmol/L triethylamine in distilled water). The light , 
emission was measured for 1 min immediately after 
addition of luminol. ChemUuminescence values were 
expressed as c.p.m. per mg of dry tissue after subtraction 
of background photon counts. 

In vivo RP-3 and taurine administration assays 
Monoclonal antibody (RP-3) 

RP-3 is a monoclonal antibody established by 
hybridization of mouse myeloma cells and spleen cells 
of BALB/c mice sensitized with peritoneal neutrophils 
of Wistar-King-Aptakemann/Hok rats, and can select- 
ively deplete rat neutrophils. 1 ' 1 About 2 weeks after 
pristane-treated BAlJl/c mice (Charles River Japan) 
were given an intraperitoneal injection of 1 x io ? 
hybridoma cells cultured in vitro, ascitic fluid rich with 
RP-3 was obtained. The fluid was centrifuged at 1700 £ 
for 5 min and the supernatant was purified by 
precipitation with ammonium sulphate, dialysed against 
phosphate-buffered saline (PBS), and stored at -70 d C 
until use. A preliminary study confirmed that an intra- 



peritoneal injection of RP-3, at a dose of 60 mg/kg 
bodyweight, depleted circulating neutrophils to less 
than 100/mm 3 within 6-24 h (data not shown). 

Experimental design 

To examine the role of neutrophils, animals were 
randomized into three groups: rats treated with DSS 
plus RP-3 (RP-3-treated group, « = 22), DSS plus 
PBS (RP-3-control group, n = 24), and DW plus 
PBS (normal group, n- 10). They received four intra- 
peritoneal injections of 1 mL of RP-3 (at a dose of 
60 mgteg) or PBS. The initial injection was made 6 h 
before oral administration of 9% DSS or DW, and the 
following injections were performed every 24 h. 

To estimate the involvement of hypochlorous acid 
(HOC!) produced by neutrophils, animals were divided 
into two groups: rats treated with DSS plus taurine, an 
HOG scavenger (taurine-treated group, »=19), and 
DSS plus PBS (taurine-control group, n = 19). 15,16 Seven 
intraperitoneal injections of 1 mL of 10% taurine or PBS 
were given to them. The initial injection was made using 
the same protocol as used for RP-3, and the others were 
performed every 12 h. The consumption of DSS solution 
per rat was measured every day. They were killed after 3 
days of the treatment, and the most distal colonic 
segment was prepared in the same way as in the ex vivo 
luminol-dependent chemiluminescence (LDCL) assay 
for the determination of myeloperoxidase (MPO) 
activity, LDCL, and histological changes. 



Assessment of clinical symptoms 

Bodyweight, stool consistency, and the . presence of 
macroscopic anal bleeding were observed every day. 
Faecal occult blood was also examined every day using 
haemoccult test Wako (Wako Jyunyaku Co.), and its 
degree was evaluated according to the five-grade system 
in arbitrary units. These data were scored according to 
a modification of the criteria of Cooper ei aL (Table l). 7 

Determination of circulating neutrophil counts 

Blood samples were collected from the tail vein at 1 2 h 
after injections of RP-3 and taurine. Neutrophil, 
eosinophil, monocyte, and lymphocyte counts were 
calculated on the basis of leucocyte counts using 
Burker's chamber and a triplicate of 100 cells in May- 
Gicmsa stained blood smears. 



Determination of tissue myeloperoxidase 
activity 

Tissue MPO activity was determined by the method of 
Krawisz et aL 17 Briefly, the mucosa scraped from the 
most distal colonic segment was homogenized in hcxade- 
cyl trim ethyl ammonium bromide (HTAB; Sigma) buffer 
(0.5% HTAB in 50 mmol/L phosphate buffer, pH 6.0) 
on ice for 60s. The suspension was sonicated for 10s, 
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Table 1 


Criteria for scoring of clinical symptoms 


Score 


Weight loss (%) 


Stool 


Faecal occult 






consistency* 


blood 


0 


None 


Normal 




1 


1-5 




+ 


2 


5-10 


Loose stool 


2 + 


3 


10-15 




3 + 


4 


> 15 


Diarrhoea 


4 + 



*Normnl stool, well formed pellets; Loose stool, pasty 
stool which does not adhere to anus; Diarrhoea, liquid stool 
which adheres to anus. 



freezc-thawed three times, and centrifuged at 10 000 g 
for 1 0 min, after which the supernatant was assayed for 
MPO activity. The supernatant (0. 1 mL) was combined 
with 2.9 mL of 50 mmol/L phosphate buffer, pH 6.0, 
containing 0. 1 67 mg/mL O-dianisidinc hydrochloride 
(Sigma) and 0.0005% hydrogen peroxide (H 2 0 2 ). The 
change in absorbance at 460 nm was measured with a 
spectrophotometer (U-3200; Hitachi Ltd, Tokyo, Japan). 
One unit of MPO activity was defined as that degrading 
1 mmol of H 2 0 2 per min at 25°C. 



Determination of luminol-dependent 
chemiluminescence 

The mucosal scraping from the most distal colonic 
segment was suspended in 990 mL of HBSS, mixed 
with lOuL of luminol solution, and placed in the 
chemiluminomcter. 



Quantitative assessment of erosion formation 
and infiltrating neutrophil and eosinophil 
counts in erosions 

The most distal colonic segment was fixed in 10% 
buffered formalin. It was further divided into eight; 
equal cross subsegments and embedded in paraffin. 
Two serial cross-sections for each subsegment were 
prepared. One was stained with haematoxylin and eosin 
(HE), and another was stained for chloroacctate 
esterase with naphthol AS-D chloroacetate and slightly 
countcrstained with haematoxylin. 13,19 The erosion and, 
muscularis mucosa lengths in the eight subsegments 
were measured with an image analyser (Image 
Command 5098; Olympus, Tokyo, Japan). The ratio of 
the total erosion length to the total muscularis mucosa 
length was defined as 'erosion index*. Erosion areas and 
the numbers of neutrophils and eosinophils assembling 
there were also measured with the image analyser. Since 
neutrophils and mast cells are stained by naphthol AS* 
D chloroacetate procedure, neutrophils were identified 
by observing both the staining and the nuclear 
morphology. Their counts per unit area were calculated 
by dividing their total counts by the total erosion area. 



Statistical analysis 

In the ex vivo LDCL assay, the differences in the effects 
on LDCL between the various reagents and HBSS were 
assessed using the paired r-test. In both in vivo RP-3 
and taurine administration assays, the presence of 
macroscopic anal bleeding between the treated group 
and the control group was compared -using the X 2 -test, 
and faecal occult blood was compared using the 
Mann-Whitney U-test. The differences in tissue MPO 
activity and LDCL were determined using SchefTe's test 
after one-way anova. The differences in circulating and 
infiltrating inflammatory cell counts were examined 
using Student's /-test. Parametric data were expressed 
as mean ±SD, while non-parametric data were 
expressed as median and range. The differences were 
considered significant if P value was < 0.05. 



RESULTS 

Effects of inhibitors and scavengers on luminol- 
dependent chemiluminescence 

The data of the ex vivo LDCL assay are summarized in 
Fig. 1. The DSS-treatcd colonic mucosa produced 
marked elevations (6-9-fold) in LDCL compared with 
the normal mucosa. The addition of azide, catalase, 
taurine, SOD, and DMSO to the tissue suspension sig- 
nificantly (/*< 0.05) suppressed LDCL production by 
the DSS-treated mucosa. In contrast, allopurinol and 
indomethacin had no significant effects on LDCL 
production. More than 92% of cells were found to be 
viable before the determination of LDCL by trypan 
blue exclusion. 



Effects of RP-3 and taurine on DSS-induced 
colitis 

Consumption of DSS solution 

The severity of DSS-induccd colitis is dependent on the 
consumption of DSS solution. There were no sig- 
nificant differences in the consumption of DSS solution 
between the RP-3- treated group (75±12mIV3 days, 
n = 22) and its control group (79±14mL/3 days, 
» = 24), and between the taurine-trcated group (79 ± 
lOmL/3 days, n=19) and ,its control group (78± 
9 mL/3 days, n- 19). 



Clinical symptoms 

The intraperitoneal injections of RP-3 significantly 
{P< 0.05) inhibited both macroscopic anal bleeding and 
faecal occult blood on day 3 compared with the control 
rats (Table 2), but did not affect either bodyweight nor 
stool consistency (data not shown). Taurine tended to 
suppress both macroscopic bleeding and occult blood 
on day 3, although significant differences were not 
demonstrated (Table 3). 
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Figure 1 Effects of enzyme inhibitors and reactive oxygen metabolites (ROM) scavengers on LDCL Each bar represents the 
mean value in five rats. Normal mucosa with Hanks' balanced salt solution (HBSS); IS, normal mucosa with each reagent; 
13, dextran sodium sulphate (DSS)-trcatcd mucosa with HBSS; ■, DSS-treated mucosa with each reagent; SOD, superoxide 
dismutase; DMSO, dimethyl sulphoxide. * Significantly different (/*< 0.05) from normal mucosa with HBSS. + and & Significantly 
different (P< 0.05 and P< 0.01, respectively) from DSS-treated mucosa with HBSS. 



Circulating neutrophil counts 

To examine the effectiveness of the treatment with 
RP-3, the numbers of various circulating cells were 
counted. RP-3 decreased circulating neutrophil counts 
to less than 5% of the control level (Fig. 2), but did not 
at all affect the numbers of eosinophils, monocytes, and 
lymphocytes from days 0 to 3 (data not shown). 
Taurine had no significant effects on the numbers of 
these cells including neutrophils (data not shown). 



Tissue myeloperoxidase activity 

Tissue MPO activity has been frequently used as an 
index of the accumulation of neutrophils within tissue. 
Although the administration of RP-3 significantly 
(/*< 0.05) depressed tissue MPO activity compared 
with the control rats and succeeded in lowering it to the 
normal level (Table 2 )» taurine had no significant effect 
on MPO activity (Table 3). 



Luminol-dependent chemiluminescence 

The adrninistration of RP-3 and taurine resulted in a 
significant (/»< 0.01 and P< 0.05, respectively) reduc- 
tion in LDCL compared with the control rats, but 
failed to lower it to the normal level (Tables .2, 3). 



Erosion index and infiltrating neutrophil and 
eosinophil counts in erosions 

Figure 3 shows typical histological features in the RP-3- 
treated group and its control group. The administration 
of 9% DSS for 3 days induced extensive erosions (a) 



with prominent infiltration of neutrophils with chloro- 
acetate activity (b). In contrast? the treatment with RP- 
3 produced smaller erosions (c) with fewer neutrophils 
(d). The administration of RP-3 statistically signifi- 
cantly reduced the erosion index (/*< 0.05) and 
neutrophil counts in erosions (P< 0.001) compared 
with the control rats (Tabic 2). Taurine showed a 
tendency to decrease the erosion index, but no 
significant difference was found (Table 3). While many 
eosinophils were found in erosions, RP-3 and taurine 
had no significant effects on its counts (Tables 2,3). 



DISCUSSION 

Reactive oxygen metabolites have been reported to be 
increased in both colonic mucosa and peripheral blood 
of patients with inflammatory bowel disease (TBD), 
and the antioxidants, such as SOD and glutathione, 
have been shown to be decreased in their colonic 
mucosa. ,2 » 20 - 2 * Sulphasalazine and 5-aminosalicylic acid, 
which are frequently used in the treatment for 1BD, 
have been demonstrated to be potent ROM scav- 
engers. 2 ' Therefore, ROM are now regarded as one of 
the main causes of tissue injury in IBD. Potential 
sources of ROM in the gastrointestinal tract include 
oxidases such as xanthine oxidase within epithelial cells 
and NADPH oxidase of resident macrophages. 26 
Neutrophils and monocytes which arrive at the inflam- 
matory foci produce additional ROM via NADPH 
oxidase, MPO, and enzymes involved in arachidonate 
metabolism. 13,27 

Luminol-dependent chemiluminescence is a sensitive 
and simple method capable of detecting ROM. 
However, it is non-specific, because luminol is oxidized 
by any oxidant to produce chemiluminescence. 
Therefore, wc attempted to identify the sources and 
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Tabic 2 Effects of RP-3 treatment on various parameters 



Normal RP-3 control RP-3 treated 



Faecal occult blood NA 


3(1-0 


2 (0^)* 


on day 3 (U) 


(n = 24) 


(w = 22) 


Tissue MPO activity 1 .52 ± 0.48 


3.01 ±0,72* 


1.64 ±0.75* 


( x 10 * U/mg wet tissue) (n = 5) 


(« = 5) 


(« = 5) 


LDCL 869.9 ±21 6.4 


51 18.3± 1837.4+ 


3123.3±1213** 


(counts/min per nig dry tissue) (» = 5) 


(«=11) 


(« = 9) 


Erosion index (%) NA 


4.08 ±2.20 


1.57 ± 1.02* 




(« = 8) 


(» = 8) 


Neutrophil counts NA 


534±161 


U9±37* 


in erosion (per mm 2 ) 


(n = 8) 


(n = 8) 


Eosinophil counts NA 


258±72 


221 ±60 


in erosion (per mm 2 ) 


in = 8) 


(n = 8) 


NA, Not applicable; * and *, significantly different <P< 0.O5 and /><O.00l, respectively) from normal group; *, s and 


significantly different (P< 0.05, P< 0.01 and P< 0.001, respectively) from control group. 




MPO, Myeloperoxidase; LDCL, luminol-dependent chemiluminescence. 




Table 3 Effects of taurine treatment on various parameters 








Taurine control 


Taurine treated 


FaccaJ occult blood on day 3 (U) 


3 (1^) 


2 (1-4) 




(„=19) 


(77=19) 


Tissue MPO activity 


3.33±0.56 


3.03±0.53 


(x in-* U/mg wet tissue) 


(« = 6) 


(i = 6) 


LX>C"L (counts/min per mg per dry tissue) 


6029.8 ±3445.0 


2348.9 ±1626.2* 




(« = 6) 


(M=6) 


Erosion index (%) 


4.30±2.95 


2.74±2.64 




(n=7) 


(» = 7) 


Neutrophil counts in erosion (per mm 2 ) 


532 + 102 


495 ±97 




(« = 7) 


(« = 7) 


Eosinophil counts in erosion (per mm 2 ) 


247 ± 65 


241 ±70 




in = 7) 


(« = 7) 



•Significantly different (/>< 0.05) from control group. MPO, Myeloperoxidase; 1-DCL, luminol-dependent chemiluminescence. 




Days after RP-3 i.p. 



Figure 2 Effect of RP-3 
treatment on circulating neutro- 
phil counts. RP-3 control 
(w = 24); O, RP-3 treated 
(n = 22). *Significantly different 
(P< 0.00 1) from control group. 
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Figure 3 Representative histological appearance of colonic segments, (a) A colonic wall from RP-3-control group 
(HE *20). 0>) A magnified view of Fig. 3a (naphtho) AS-D,chloroa estate esterase, x 160). Many neutrophils are strongly 
positive, (c) A colonic wall from RF-3-treated group (HE *20). (d) A magnified view of Fig. 3c, (naphthol AS-D 
chloroacetate esterase, * 160). ! 



species of ROM by addition of enzyme inhibitors and 
ROM scavengers to the mucosal scrapings. A 
significant decrease in LDCL by addition of azide is 
probably largely caused by its inhibition of MPO 
indispensable for HOC1 production (Fig. 1). However, 
other pathways cannot be excluded as azide also 
inhibits other haem proteins such as catalase and 
cytochrome P450, and quenches singlet oxygen and 
hydroxy! radical ( OH). 12 " The inhibition of LDCL 
production by taurine implies excessive HOC1 produc- 
tion in this system (Fig. 1). However, it has been 
known that H 2 0 2 and HOC1 can efficiently co-oxidize 
luminol to enhance chemiluminesccnce. 28 It appears 
likely that taurine inhibits LDCL production by not 
only scavenging HOC1 but also blocking co-oxidation 
of luminol by H^0 2 and HO CI. Neutrophils almost 
exclusively contain MPO and so they are considered to 
be the main site of HOC1 production. 26 As monocytes 
contain less MPO and lose it when they mature into 
tissue macrophages, monocytes but not macrophages 
can generate HOCl. 29,, ° Hypochlorous acid is a 
powerful oxidant which may attack membrane-associ- 
ated targets. Moreover, it also inactivates antipro- 
teinases which inhibit clastasc, and activates both 
collagenase and gelatinase released from neutrophils. In 
this way, neutrophils can create an environment where 
these proteolytic enzymes can break down tissue. 11 As 



I 



H 2 0 2 is relatively stable as a ROM and unable to 
efficiently oxidize luminol, it is likely that catalase 
decreases LDCL by scavenging H 2 0 2 available as a 
precursor of HOC1 and *OH. 4 - 2fr The addition of SOD, 
a superoxide anion (0 2 ~) scavenger, suppressed LDCL 
production (Fig. 1), suggesting that 0 2 ~ is one of the 
ROM responsible for luminol oxidation. Because the 
spontaneous dismutation of 0 2 ~ proceeds rapidly, the 
cytotoxicity associated with 0 2 ~ is generally ascribed to 
its role as a precursor of more powerful ROM.^'A 
significant decrease in LDCL by preincubation with 
DMSO, an OH scavenger, suggests that OH is also 
one of the ROM detected in the inflamed mucosa 
(Fig. 1). It is possible that OH is produced by iron- 
catalysed oxidation of H 2 O a (Fenton's reaction), since 
the inflamed mucosa contains ery thru cytes/hae mo- 
glob in/haem. 32 Because H 2 0 2 is consumed by MPO 
prior to the Fen ton's reaction, neutrophils with a large 
amount of MPO limit 'OH formation, but macro- 
phages without MPO may enhance it. 33 Dimethyl 
sulphoxide and catalase seem to prevent iron-catalysed 
oxidation of luminol by scavenging 'OH and H a 0 2 . 
The *OH is a strong oxidant, but there has been little 
convincing evidence that it plays a major pathogenic 
role in human IBD or animal experimental colitis. 12 
Neither allopurinol nor indomethacin affected LDCL 
(Fig. 1), indicating that a xanthine/xanthine oxidase 




Supplied by The British Library - "The world's knowledge" 



RP-3 suppresses dextran sulphate sodium-induced cotitis 807 



system and cyclo-oxygenase metabolites of arachi- 
donate are probably not involved in ROM production. 

As we demonstrated that many neutrophils assembled 
in erosions 11 and that HOC1 was increased in the colonic 
mucosal scrapings, wc assumed that neutrophils might be 
involved in the development of this colitis by producing 
HOCJ. To determine whether neutrophils contribute to 
tissue injury, wc rendered rats neutropenic by admini- 
stering RP-3. Neutropenia led to a reduction not only of 
tissue MPO activity, but also of macroscopic anal 
bleeding, faecal occult blood, the erosion index, and 
LDCL (T^ble 2). These data indicated that infiltrating 
neutrophils are important in the progression of this 
model. Next, to examine whether HOC1 influences tissue 
damage, we injected taurine to rats. Although taurine did 
not scavenge all HOC1, it significantly diminished LDCL 
and tended to improve macroscopic bleeding, occult- 
blood, and the erosion index to some extent. These j 
results illustrate that HOC1 might be involved in tissue 
injury in this model. 

Previous studies have attempted to prevent 
neutrophils from infiltrating into the colonic mucosa by 
administration of antineutrophil serum, anti-CD18 
antibody, or leumedin which inhibits the expression of 
p 2 -integrins, 34 39 Despite a significant decrease in tissue 
MPO activity, not all of these studies demonstrated 
improvement in gross and histological changes. It is 
difficult to account for the discrepancies between our 
data and theirs, but the direct mucosal toxicity of acetic 
acid or trinitrobenzene sulphonic acid/ethanol which 
they used to induce colitis might have been stronger 
than that of DSS as those agents produced colitis 
sooner and more severely than DSS. 

Despite a satisfactory decrease in tissue MPO 
activity, RP-3 could not reduce LDCL to the normal 
level and not completely inhibit erosion formation 
(Tahle 3). Thus, in estimating the pathogenesis of DSS' 
induced colitis, wc should consider not only neutro- 
phils, but also other factors. Dextran sulphate sodium 
may directly damage colonic epithelial cells, since it has 
been shown to inhibit proliferation of rat small 
intestinal epithelial cells and mouse colon epithelial 
carcinoma cells in vitro** Okayasu et a/. 5 histologically 
demonstrated the phagocytosis of DSS by many 
macrophages, and Dieleman et al.* demonstrated the 
increased production of macrophagc-derived cytokines, 
such as rumour necrosis factor and interleukin-1 fJ, in 
DSS-induced colitis. These findings support the 
hypothesis that DSS phagocytosed by macrophages 
activates these cells and initiates tissue injury. In this 
study it was found that many eosinophils gathered into 
erosions (Tables 2,3) and it has been reported that they 
can yield more ROM than neutrophils in certain 
conditions. 40 Thus, eosinophils as well as monocytes 
and macrophages 2 *' 33 may have produced the remnant 
LDCL which RP-3 failed to suppress, and participated 
in the formation of this colitis. In addition, various 
changes in the intestinal microflora population caused 
by DSS may influence this model. 10 

In this context, it should be concluded that: (i) 
various ROM are excessively produced in the rat 
colonic mucosa damaged by DSS; (ii) neutrophils play 
a pivotal role in the progress of DSS-induced colitis; 



and (iii) because the in wvo administration of taurine as 
a HO CI scavenger had a tendency to prevent this 
colitis, HOC1 might be one of the candidates involved 
in tissue injury caused by neutrophils. 
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FN18-CRM9 is an anti-rhesus anti-CD3 immuno- 
toxin that can transiently deplete T cells to Vfy of 
initial values in both the blood and lymph node com- 
partments and can induce long-term tolerance to 
mismatched renal allografts. We have investigated 
the ability of this immunotoxin to interdict the 
course of an experimental rhesus T-cell-driven auto- 
immune disease, experimental allergic encephalo- 
myelitis (EAE) induced by myelin basic protein. Mon- 
keys showing CSF pleocytosis were then treated 
with FN18-CRM9 alone or in combination with era* 
nial irradiation (325 or 650 cGy). EAE in nontreated 
control monkeys progressed rapidly. Paralysis oc- 
curred 4-6 days after CSF pleocytosis. Paralysis was 
either delayed or never occurred in treated mon- 
keys, and histop a thology revealed few inflammatory 
plaques that were notable for .their low or absent T 
cell content. While T cells repopulate in the periph- 
ery posttreatment, they do not return to the CNS in 
large numbers, suggesting that the newly repopu- 
lated T cells have lost their previously acquired CNS 
homing capability. Anti-CD3 immunotoxin may be 
useful in treating clinical T-cell-driven autoimmune 
diseases such as rheumatoid arthritis and multiple 
sclerosis. 



INTRODUCTION 

Experimental allergic encephalomyelitis (EAE) is an 
inflammatory T-cell-mediated autoimmune disease of 
the central nervous system that can be induced in a 
number of species by immunization with CNS compo- 
nents such as myelin basic protein (MBP) and adjuvant 
(1-6). In humans, MBP-reactive T cells are thought 
to initiate acute disseminated encephalomyelitis that 
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follows infection or vaccination (4). EAE has also served 
for the testing of therapies for multiple sclerosis with 
variable predictive results (7). EAE is a far from perfect 
model for multiple sclerosis. In part this is due to the 
variability of the model in different genetic back- 
grounds, observed in both inbred rodents and outbred 
nonhuman primates. In the latter case the disease 
ranges between monophasic and self-limiting, relaps- 
ing- remitting and monophasic hyperacute. However, 
more than any other disease model, EAE has contrib- 
uted to current concepts of T-cell-mediated organ-spe- 
cific immunity and has permitted a dissection of im- 
mune effector and suppresser mechanisms (7). 

T lymphocytes play a central role in the induction 
phase of EAE. This has been demonstrated by adoptive 
transferring of MBP-reactive T cells to induce EAE in 
naive syngeneic rodents and in uriimmunized Callithrix 
jacchus marmoset (1,2, 4). Moreover, it has been shown 
recently that T cell receptor transgenic mice specific for 
MBP develop spontaneous EAE at a very high incidence 
(8). However, it is less clear what part T cells play in 
the ongoing disease, and what part is played by other 
activated cells that have the capacity to secrete chemo- 
kines such as monocytes, macrophages, and astrocytes 
(9-11) and the capacity to present CNS antigens. 

We have recently constructed an immunotoxin (IT) 
composed of an anti-rhesus monkey CD3 monoclonal 
antibody (mAb), FN 1,8, and a binding site mutant of 
diphtheria toxin (DTj, CRM9 (12). This immunotoxin, 
FN18-CRM9, is an analogue of UCHT1-CRM9, an 
anti-human CD3 immunotoxin which is capable of re- 
gressing established xenografted human T cell (Jurkat) 
tumors in nude mice via protein synthesis inhibition 
(13). A truncated toxin engineered fusion protein ver- 
sion of UCHT1-CRM9 has also been constructed that 
displays resistance to blockade by human anti-DT anti- 
bodies arising from immunizations with DT toxoid (14). 
When FN18-CRM9 was given iv to a group of rhesus 
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monkeys, blood and lymph node T cells were depleted 
within 48 h in a dose-dependent manner to levels as 
low as 1% of initial values. Other blood cells were not 
affected. This resulted in a marked population inver- 
sion of T and B cells in the blood and lymph node com- 
partments. T cell re population then occurred and was 
rapid in juvenile animals (2-4 weeks) and slower in 
older animals (12). Monkeys treated in this manner 
become tolerized to misinatched renal allografts (15). 
This novel immunotoxin enabled us to investigate EAE 
progression in the absence of the peripheral T cell popu- 
lation that experienced immunization with the enceph- 
alitogenic MBP. In some monkeys in this study we com- 
bined IT with cranial irradiation for the purpose of 
inducing CNS T cell cytoreduction. This was done be- 
cause of concern that T cells within the CNS blood - 
brain barrier sanctuary might not be accessible to 
blood compartment IT and might not be depleted. We 
report in this communication that IT-induced transient 
T cell depletion with or without cranial irradiation 
markedly attenuates EAE progression and greatly re- 
duces CNS cellular infiltrates, eliminating detectable 
perivascular infiltrates in some monkeys. 

MATERIALS AND METHODS 

Animals. Thirteen rhesus monkeys (Macca mul- 
lata) 4-6 years of age obtained from the Texas Primate 
Center (Alice, Texas) comprised this study. All were 
negative for antibodies directed at diphtheria toxin. 

Immunotoxin construction, FN 18 is a murine IgGl 
monoclonal antibody directed at rhesus CD3 and acti- 
vates T cells in the presence of mixed mononuclear cells 
(16). CRM9 is a binding site mutant of DT, and has 
only 1/300 the systemic toxicity of wild-type DT (17). 
The immunotoxin, FN18-CRM9, was synthesized as 
previously described by thiolating both FN 18 and 
CRM9 moieties and then crosslinking with bismaleimi- 
dohexane. The 1:1 complex used in this study was puri- 
fied by size exclusion (12). 

EAE induction and treatment. Rhesus monkeys 
were used in accordance with NIH guidelines in a pro- 
tocol approved by the NIMH ACUC. Monkey brain 
MBP (lot 95 from African green monkeys) purified by 
the batch method was kindly provided by G. E. Deibler 
(18). We modified a protocol kindly supplied by L. M. 
Rose and E. C. Alvord Jr. in which the ratio of monkey 
MBP to heat-killed mycobacteria is set at 2:1. Aqueous 
MBP at 20 mg/ml was emulsified with an equal volume 
of complete Freund's adjuvant (DIFCO) containing 10 
mg/ml heat-killed Mycobacterium tuberculosis (H37 
RA, DIFCO Laboratories, Detroit, MI). Each rhesus 
monkey was immunized with intradermal injection of 
0.2 ml emulsion distributed between two sites above 
the ankle on both hind legs. In 12 monkeys cerebrospi- 
nal fluid (CSF), 1.5-ml samples, was collected by punc- 



ture into the subarachnoid space at the cisternal 
magna. This was done once a day for 5 consecutive days 
starting from 11 days after the immunization. The 13th 
monkey was used to provide lymph node T and B cell 
data pre- and post-IT. 

Four monkeys were used as nontreated controls, 4 
were treated with FN18-CRM9 alone, and 4 were 
treated with FN18-CRM9 in conjunction with cranial 
irradiation. The first 8 monkeys were immunized as 
pairs and were randomly assigned prior to immuniza- 
tion to either the nontreatment group or the FN 18- 
CRM9 treatment group. FN18-CRM9 was adminis- 
tered to monkeys in 2 split doses by intravenous bolus 
infusion at a total amount of 0.2 mg/kg. The first dose 
of the immunotoxin was given to monkeys on the same 
day when an increase in CSF WBC > 30 cells/^1 was 
detected. This day was considered as Day 0. The second 
dose of FN18-CRM9 was infused on Day 2. Radiation 
was given in one fraction of 650 cGy (monkeys 1144, 
1109), one fraction of 325 cGy (1181), or two daily frac- 
tions of 325 cGy (1106) using opposed lateral shaped 
X-ray fields generated by a linear accelerator. The radi- 
ation was delivered to anesthetized air-breathing ani- 
mals on Day 1 following CSF pleocytosis (1109, 118lj 
1144) or Day 3 (1106) and covered the entire cranial 
vault down to C2 with shielding of the orbit, oral cavity,' 
pharynx, and most of the parotid. The dose rate was 

100 cGy/min. Monkeys with EAE were monitored at 
least twice each day. The disease activity was scored 
as 0-5 using an EAE scoring system described pre- 
viously by Massacesi and co-workers (3) and detailed 
in the legend to Fig. 1. EAE monkeys were euthanized 
under the following conditions: 1, obvious neurologic 
signs such as ataxia and tremors lasting 2 days or an 
inability of self feeding; 2, one or more limbs paralyzed; 
3, 60 days after the immunization. Monkeys were eu- 
thanized by intravenous injection of 3 ml euthanasia- 
5 solution (Veterinary Laboratories Inc., Lenexa, KS). 
Brains and brain stems were surgically removed imme- 
diately following euthanasia and saline perfusion 
through the left ventricle and stored at -80°C for histo- 
logic examination. 

Flow cytometry. Both, blood and CSF samples were 
analyzed with flow cytometry utilizing a lysis method 
(12). The following mAb reagents that have been demon- 
strated to be reactive to rhesus monkey lymphocytes were 
used (19): fluorescein isothiocyanate (FTTC)- or phycoer- 
ythrin (PE)-conjugated mAbs reactive with the lympho- ; 
cyte surface antigens CD3 (FN18-FTTC, this lab), CD20 
(Bl-PE, Coulter Corp., Hialeah, FL), CD4 (OKT4-FITC, ' 
Ortho Diagnostic Systems Inc., Ran tan, NJ), CD8 
(DK25-PE, DAKO Corporation, Carpinteria, CA), CD2 
(Tll-PE, Coulter), CD16 (3G8-FTTC, AMAC, Inc., 
Westbrook, ME), CD25 (IL-2R1-PE, Coulter), CD45RA 
(2H4-PE, Coulter). 
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to very low levels compared with that before IT treat- 
ment (P < 0.01). These low levels of T cells remained 
for about 10-14 days. Note also the marked inversion 
of the lymph node T/B cell ratio. 

Previous studies showed that EAE in rhesus mon- 
keys had an acute onset and caused death within days 
(5, 6). This is confirmed by our data. As shown in Fig. 
1A, EAE in all 4 nontreated control monkeys reached 
grade 3 disease within 3 days after the onset and re- 
quired euthanasia. Of the 8 experimental monkeys, 4 
were treated with intravenous infusion of FN18— 
CRM9, and the remaining 4 had cranial irradiation 
in addition to FN18-CRM9. Survival status of these 
monkeys is depicted in Fig. IB. The 4 monkeys treated 
with FN18-CRM9 survived from 11 to 45 days before 
euthanasia, significantly longer than the control mon- 
keys (P < 0.01). One of them, 1225, survived disease 
free, and was euthanized subject to the 2 months time 
schedule in the protocol. In the 4 monkeys treated with 
FN18-CRM9 plus cranial irradiation, one died several 
hours after the irradiation, possibly due to irradiation- 
induced acute CNS syndrome. Therefore, this monkey 
is not included in the analysis. The other 3 monkeys 
experienced vomiting, dyspnea, and tremors within 30 
min postirradiation. Two of them also developed a fa- 
cial cellulitis that lasted for 7-20 days. However, these 
3 monkeys survived the early side effects of cranial 
irradiation and the cellulitis, and lived on for 10 to 44 
days before euthanasia. Among over 50 rhesus mon- 
keys treated to their whole body with a total dose of 
1300 cGy in two daily fractions for bone marrow trans- 
plantation studies at this center, there have been no 
acute deaths, no evidence of seizure activity, no pa- 
rotidis, or evidence of facial cellulitis. 

EAE progress to stage 2 or 3 disease in the treated 
monkeys was either retarded (1224, 1203, 1216, and 
1106), or halted to a condition showing only minor 
symptoms such as loss of appetite, decreased activity , 
and weight loss (1144 and 1181) or no symptoms (1225). 

T cell repopulation. Blood and lymph node T cells 
remained at a very low levels for about 7 days after 
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FIG. 3. Lymph node lymphocyte population phenotypes before 
(A) and 4 and 11 days after FN 18 -CRMS (B and C, respectively) by 
FACS in a single EAE monkey (964). The immuno toxin induces a 
marked inversion of the normal T/B cell ratio (lower right/upper left 
quadrants). 
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FIG. 4. CD3*CD45RA" cells repopulate earlier than CD3*CD45RA* 
cells in blood of FN18-CRM9- treated monkeys. Blood samples were 
taken 1 day before ixnrounotmdn treatment (A) and after treatment on 
Days 1 (B), 17 (C), and 41 CD) and analyzed with flow cytometry (data 
from monkey 118 IX 



treatment, and then started to repopulate (Figs. 2 and 
3). Ill the 3 long-term survivors (Fig. IB), only one 
(1225) re populated blood T cells to a level close to that 
before treatment, and the other 2 failed to achieve a 
complete repopulation. CD4* and CD8* T cells repopu- 
lated simultaneously in most of the monkeys (data not 
shown). Comparing the T cell data in the blood between 
the monkeys treated with FN18-CRM9 only and those 
treated with FN18-CRM9 plus cranial irradiation, no 
obvious difference was observed (Fig. 2). T cell repopu- 
lation in the blood was consistently initiated by 
CD3+CD45RA' cells, and only until about 25 days after 
the treatment did the CD3+CD45RA+ cells appear in 
a significant proportion (Fig. 4). 

CSF T cell numbers also dropped quickly after IT 
treatment as did granulocytes. In 4 monkeys where 
data are available CSF T cells decreased to 1-3% of 
initial values after immunotoxin treatment. Most of 
this change occurred in the first 48 hr. Unlike T cells 
in the blood, CSF T cells remained at low levels in 
the foljtow-up period (Fig. 5B). In contrast, T cells in 
nontreated monkeys increased severalfold within days 
(Fig. 6A). 

The 'inflammatory response at the immunization 
sites of the treated monkeys fluctuated in accordance 
with the blood T cell status. The injection sites became 
red and swollen 1 day after the immunization, and the 
involved area was about 0.8 X 0.8 cm. This remained 
until Day 9 when the inflammatory area enlarged to 
approximately 2.0 x 1.5 cm, and became ulcerated in 
the middle. This severe local reaction started to resolve 
1 day after the first dose of FN18-CRM9 and ulcers 
sealed within 3 days. However, the inflammation re- 
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FIG. 1. EAE disease process in nontreated CA) and treated monkeys (B). EAE was scored following a scoring ayetem (3): 0, normal 
neurologic exam; 1, lethargy, anorexia, weight loss; 2, ataxia, tremon 8, blindness, paraplegia, hemiplegia; 4, quadriplegia, quadriparesis; 
and 5, moribund. Day 0 means the time when WBC increase in CSF was detected for the first time. Monkeys 1203, 1216, 1225 and 1224 
were treated with FN18-CRM9, and 1106, 1144, and 1181 (filled symbols) were treated with FN18-CRM9 and cranial irradiation. 



Jmm u nohistoche mistry, Immunohistochemical stain- 
ing was carried out on frozen brain sections using a 
previously described protocol (20) employing *a sec- 
ondary anti-mouse horseradish peroxidase antibody 
and diaminobenzidine (Sigma) chroma gen. Primary 
mAbs used were all of mouse origin: anti-human vi- 
mentin (1:50 dilution, DAKO), anti-human MHC 
class I (W6/32) hybridoma supernatant, anti-human 
HLA-DR(1:50 dilution, Becton- Dickinson), anti-hu- 
man CD lib (1:50 dilution, Serotec), anti-human 
CD68 (1:100 dilution, DAKO), anti-rhesus CD3 
(FN18 3 mg/ml 1:100 dilution) (16), anti-human Thy 
1 (1:50 dilution, Chemicon), anti-human CD4 (1:25 
dilution, Ortho Diagnostic Systems Inc.), anti-human 
CD8 (1:50 dilution, DAKO). Both primary and sec- 
ondary antibodies were applied in rhesus sera di- 
luted 1:5 in bovine serum albumin. 

RESULTS 

Increased WBC in CSF predict the clinical onset of 
EAE. All monkeys (with the exception of 964) were 
monitored by CSF examination via the cisterna magna 
for 5 days starting 11 days postimmunization. This pro- 
cedure was well tolerated and in itself did not induce 
pleocytosis (>30 cells//xl). Four of these monkeys were 
used as nontreatment controls, and the rest were 
treated at the time of the first detectable WBC increase 
in CSF. Among the 4 control monkeys clinical EAE 
occurred 2*6 days after the observed WBC increase in 
CSF, approximately 15-20 days after the immuniza- 
tion (Fig. 1A). The early symptoms of EAE included 
apathy, loss of appetite, and weak hind limbs, with 
rapid deterioration to paralysis. 

The first CSF samples displaying increased WBC in 
all 12 monkeys contained 31-700 cells//il (normal 
range 0-7 cells//xl), including monocytes, eosinophils, 
lymphocytes, and neutrophils. In half of the samples 
eosinophils occupied a high percentage, 22—78%. In 



contrast, this high percentage of eosinophils never oc- 
curred in the blood (<5%). In samples without such a 
high percentage of eosinophils, monocytes predomi- 
nated proportionally, ranging from 42 to 81%. Lympho- 
cytes were about 10-25%, and neutrophils usually be- 
low 10%. The lymphocyte population was mainly com- 
posed of T cells (60-90%) in the FACS analysis. A small 
proportion of B cells (<5%) was also observed. Both 
CD4* and CDS'" cells were present, with the former 
having a slightly higher percentage. CD3*CD25 + cells 
ranged from 5 to 24% in these CSF samples, which was 
4 times higher than their counterparts in the blood 
(data not shown). 

T cell depletion slows down the disease progress. 
FN18-CRM9 transiently depletes T cells in rhesus 
monkeys (12). This also occurs in MBP immunized 
monkeys as shown in Figs. 2 and 3 by FACS analysis 
on blood and macerated lymph node taken before and 
after IT treatment. CD3+ cells in the blood decreased 




0 10 20 30 40 

Days after FN18-CRM9 Treatment 

FIG. 2. T cell depletion and repopulation in blood of monkeys 
treated with FN18-CRM9 by FACS. The first day of FN18-CRM9 
treatment is recorded as Day 0. 
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FIG. 5. T cells in CSF increased in non treated EAE animals (A) and were depleted in EAE monkeys treated with FN18-CRM9 (B). 
Day 0 is either the date of detecting the first CSF sample with increased WBC (A) or the first FN18-CRM9 treatment (B). 



turned at the same area, and ulceration reoccurred in 
monkeys with repopulated T cells (1225, 1144, ,1181). 

Immunohistochemistry. As seen in Table 1 and in 
Figs. 6A-6E, the nontreatment EAE cohort had numer- 
ous large perivascular inflammatory plaques throughout 
the white matter of the hemispheres easily identified in 
sections stained with specific markers or with hematoxy- 
lin alone. These plaques were remarkable for marked up- 
regulation of vimentin in the parenchyma ac\joining the 
plaques, consistent with acutely reactive astrocytes. The 
parenchyma was also notable for up-regulation of both 
MHC class I and II (MHC class I > MHC class II). Al- 
though double staining was not done, the MHC class I 
expression is probably on microglial cells and astrocytes 
given the diffuse nature of the staining. The MHC class 
n expression is more restricted and probably represents 
expression by microglial cells. The inflammatory infil- 
trate was notable far marked macrophage infiltration as 
seen by the extraordinary CD68 (Fig. 6A) and CDllb 
expression. CD4* and CD8* cells also constituted a sig- 



nificant population of cells in the infiltrates, further con- 
firmed by the staining for CD3 (Fig. 6B). MHC class I 
and class II expression in these inflammatory plaques 
was also quite remarkable (Figs. 6C and 6D), again class 
I expression being greater than class II expression. 

In contrast to the untreated EAE cohort, the cohort 
treated with FN18-CRM9 or FN18-CRM9 plus irradi- 
ation had no identifiable inflammatory plaques in the 
hemispheres in 4/5 treated monkeys subjected to histo- 
chemistry (Figs. 6F-6J and 6K-6O). However, small 
and large vessels often exhibited enhanced CD 68 stain- 
ing (Fig. 6K), and occasional plaques were seen in the 
brain stem (Figs. 6P and 6Q). Rare to no CD3\ CD4*, 
or CD8* cells could be identified in these infiltrates 
(Fig. 6Q). The plaques in the fifth monkey consisted 
predominately of CDllb- and CD68-expressing macro- 
phages (Figs. 6R and S). Again, few CD3*, CD4*, or 
CD8* cells could be identified in these infiltrates (Fig. 
6S). The brain parenchyma of immunotoxin-treated an- 
imals euthanized before 15 days of active disease dem- 



TABLE 1 
Summary of Hlstopathology 



Monkey 


Therapy 


Disease 
duration 
days 


Terminal 
disease 
Bcore 


Plaques 
brain 


Plaques 
brain 
stem 


CD68 


CD3 


CD4 


CDS 


MHC I 


MHC II 


Vimentin 


1231 




4 


3 


62 2: 11 


nd 


4+ 


3+ 


3+ 


3+ 


4+ 


4+ 


4+ 


1194 




6 


4 


42* 6 


nd 


4+ 


3+ 


2+ 


3+ 


4+ 


4+ 


4+ 


1203 


IT 


14 


4 


<1 


nd 


r 








bv 






1106 


IT + R 


9 


3 


<1 


3 ± 0 


3+ 








4+ 


2+ 


2+ 


1225 


IT 


45 


0 


<1 


nd 


-X 








bv 




4+ 


1181 


IT + R 


44 


1 


<1 


<1 


r 


r 






bv 




4+ 


1144 


IT + R 


35 


1 


68 ± 10 


16 ± 5 


4+ 


1+ 






4+ 


3+ 


4+ 



Note. IT, immunotoxin; IT + R, immunotoxin + cranial irradiation; bv, blood vessels only; nd, not done. Percentage of cells in plaque 
staining for antigen: — , 0%; r, rare isolated cell; 1+, 1-10%; 2+ t 10-33%; 3+ ( 34-66%; 4+, 67-100%. Plaque quantitation: 3 noncontiguous 
sections covering at least 10 cm* were scanned under low power, plaques were counted, averaged and are reported per 10 cm* of tissue. 
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FIG. 6. Immunohistochemistry. Rows display contiguous sections of brain or brain stem that were stained for cell surface epitopes by 
secondary immunoperoxidase methodology and counterstained with hemotoxylin. Positive epitope staining is brown. Epitope staining is 
delineated by the column heading and is constant by column. Rows are signed by the monkey number, the treatment (as in Table 1) and 
the disease duration in parentheses. When identifiable the field covers the same histological structure, otherwise the field is from the same 
general area of the section. A-E shows a typical perivascular plaque in a nontreated EAE monkey brain. Perivascular plaques were not 
observed in most treated monkey brains (F-J and K-O) but were seen in the brain stem (P-Q and R-S). However, these plaques while 
containing macrophages (P and R) were largely devoid of CDS 41 T cells (Q and S) in contrast to untreated EAE monkeys (B). Printed 
magnification is 100 X. See Results for detailed comments. 
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onstrated little gliosis as seen by vimentin staining 
(Fig. 6J) in contrast to animals surviving 35-45 days 
where gliosis was marked (Fig. 60). 

DISCUSSION 

Nonhuman primate models of EAE have the advan- 
tage of sharing considerable similarity with the human 
immune system. We chose to evaluate anti-CD3 immu- 
notoxin as a treatment for a T-cell-driven autoimmune 
diseases in rhesus monkeys because of the availability 
of the anti-rhesus anti-CD3 antibody FN 18. We in- 
duced a highly consistent monophasic form of the dis- 
ease having a narrow window between immunization 
and disease onset by using a 2:1 ratio of monkey MBP 



to heat-killed mycobacteria. This relatively small win- 
dow allowed us to predict EAE onset by performing 
serial CSF WBC and FACS analyses. CSF pleocytosis 
occurred 1—5 days before the appearance of clinical 
signs in 10 of 11 monkeys, and allowed us to initiate 
early treatment. This method of early prediction of sub- 
sequent EAE is much simpler than MRI. It is based on 
the observation that in rodent EAE the meninges and 
subarachnoid space are infiltrated with inflammatory 
cells before brain and spinal tissue (21) and in some 
models before the onset of neurological signs (10). We 
reasoned that if this were the case in rhesus EAE, CSF 
pleocytosis should likely precede clinical EAE. The con- 
sistency of this model permits therapeutic evaluations 
with a relatively small group of monkeys and is in our 
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opinion preferable to EAE treatment evaluations 
where treatment is initiated prior to any signs of dis- 
ease onset (9, 11). 

Treatment with immunotoxin lowered CSF pleo- 
cytosis to near normal levels within 3 days. Treatment 
also dramatically prolonged the survival time of EAE 
monkeys. In nontreated monkeys EAE progressed rap- 
idly, and these monkeys required euthanasia within 3 
days after EAE onset having reached a disease score 
of 3 or greater. Thus there was a striking negative 
correlation between the average CSF T cell count and 
the survival time (A = 0.93) in nontreated monkeys 
but not in treated monkeys (R = 0.24), indicating that 
treatment attenuated a major correlate of the disease 
process. Histopathology on these nontreated monkeys 
showed numerous brain perivascular plaques con- 
taining T cells and macrophages. In the treated mon- 
keys EAE manifested either as a delayed acute process 
(survival time was prolonged to 2 weeks), or as a mild 
form, reflected by loss of appetite, weakness, and 
weight loss (survival time was 35 days or the last day 
of the protocol, Days 44-45). Histopathology was per- 
formed on two monkeys euthanized during a delayed 
acute process. The hemispheres of these brains were 
nearly normal. However, the brain stem of the animal 
treated with immunotoxin plus radiation displayed a 
single plaque devoid of identifiable T cells and mild 
gliosis. The occasional brain stem plaque could have 
been responsible for the clinical deterioration seen in 
the delayed acute-phase animals. However, the ob- 
served plaque was not centered on an intact vessel and 
may represent an old, rather than a new lesion. Two 
of the three animals euthanized between Days 35 and 
45 during the mild form of the disease and subjected 
to histopathology failed to show plaques. However, all 
of these animals exhibited marked gliosis. The third 
treated monkey exhibiting a clinical mild form of the 
disease showed about the same number of perivascular 
plaques seen in nontreated animals but T cells were 
infrequent. Again, marked gliosis was present. It is not 
clear whether this gliosis represents a late response to 
the early acute disease or whether it represents an 
ongoing chronic process. No differences were apparent 
between the radiation and nonradiation treatment 
groups. 

Therapies previously shown to prolong survival time 
in nonhuman primate EAE include treatment with cor- 
ticosteroids or antibiotics plus high dose MBP (22), 
monoclonal anti-CD4 (5, 23), and a monoclonal anti- 
body cross-reactive with RhLA II (6). Although there 
was some reduction noted in the histopathology in 
these treated animals, major changes compared to non- 
treatment groups were not noted (5, 6, 23, 24). In par- 
ticular, perivascular cellular infiltrates, the hallmark 
of new lesions, contained T cells after treatment. In 
contrast, immunotoxin treatment produced a reduction 
in the number and size of new perivascular brain le- 



sions. The striking feature was that these lesions when 
present were largely devoid of T cells. 

In 4 monkeys where data are available CSF T cells 
decreased to 1-3% of initial values after immunotoxin 
treatment. Most of this change occurred in the first 48 
hr. The decline of T cells might be due to a leak of IT 
into the CSF through partial disruption of the blood- 
brain barrier, but this is unlikely since we could not 
detect therapeutic levels of IT in the CSF as we could 
in blood by ELISA (data not shown). More likely these 
T cells have a short CNS half-life either due to cell 
death or recirculation to the venous system along with 
the bulk CSF. Their decline indicates that they are 
not being replaced. The reduction of brain T cell and 
macrophage infiltrates seen in treated animals com- 
pared to untreated animals also probably occurs 
through lack of replacement since in self-limiting ro- 
dent EAE these infiltrates regress within 10 days (25). 
The residual macrophage infiltrates that are seen in 
the treatment groups may represent continued macro- 
phage infiltration driven by residual vascular damage 
or a very small number of residual T cells. These could 
have survived immunotoxin therapy due to the sanctu- 
ary provided by the blood-brain barrier. This was the 
reason for providing an IT plus cranial irradiation 
group in this study. Since activated T cells are radia- 
tion sensitive with a D 0 estimated to be 52 cGy (13), 
325 cGy could achieve a 1.8 log reduction of this cell 
type. However, in this limited study we could not detect 
a significant difference between IT alone and IT plus 
radiation. A trend toward longer survival in the group 
receiving radiation may or may not be real. It is possi- 
ble that early radiation may inactivate CNS T cells 
more quickly than IT which probably works by pre- 
venting reseeding. Early radiation-induced inactiva- 
tion of CNS T cells might limit CNS damage in this 
acute disease process. 

Animals in this study were hypersensitive to acute 
radiation-induced phenomenon. Whole brain radiation 
at the doses delivered is associated with only rare nau- 
sea or transient asymptomatic parotid swelling in hu- 
man subjects, a negligible rate of seizure, and no deaths 
(26). Likewise, whole body radiation to other rhesus 
monkeys in our laboratory, using a dose two to four 
times the dose used in this study has resulted in no 
acute deaths, seizures, or parotidis. The frequency of 
facial swelling, seizure activity, and probably CNS syn- 
drome seen in the current study suggests that EAE (or 
immunotoxin) predisposed irradiated cells in the brain 
and probably to the salivary gland to depolarize (27), 
apoptose (28), or release cytotoxic factors (29) that 
caused edema and/or necrosis. 

Most of the treated monkeys surviving at 12-21 days 
had begun to repopulate their blood T cells by this time 
to a range of 250-500 cells/^l. By 3 weeks the inflam- 
matory lesions at the immunization sites which had 
regressed 48 hr after IT treatment showed a recrudes- 
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cence of inflammation and began to ulcerate again. 
One monkey, 1225, was tested for PPD sensitivity at 
Day 41 and was strongly positive. These findings indi- 
cate that the re populated T cells could exhibit delayed- 
type hypersensitivity reactions. Mycobacterial anti- 
gens were continually present since the draining im- 
munization sites continued to shed heat-killed acid fast 
bacteria from the adjuvant. However, T cells did not 
apparently repenetrate the blood -brain barrier in 
large numbers as evidenced by repeated CSF FACS 
analysis and histopathology at the time of euthanasia. 

The difference in behavior of repopulated T cells to- 
ward tissue depots containing mycobacterial antigens 
versus CNS MBP may reflect the very low level or ab- 
sence of peripheral MBP at the time of T cell repopula- 
tion. In rat EAE bromodeoxyuridine labeling has 
shown that most of the MBP-specific T cell proliferation 
occurs in the periphery as opposed to the CNS (30). 
The severity of the initial disease is also very sensitive 
to the MBP dose (6). This suggests that in active EAE 
the number of peripheral MBP-reactive T cells is a* ma- 
jor variable that determines the magnitude of the CNS 
cellular infiltrates and the severity of the disease, a 
fact demonstrated in passive EAE (31). It seems rea- 
sonable to speculate that the postimmunotoxin-repopu- 
lated T cell population contains a greatly reduced num- 
ber of MBP-reactive effector cells compared to the pop- 
ulation at the time of treatment. We think that this is 
the most likely mechanism to explain the beneficial 
effect of immunotoxin at late times following T cell 
repopulation. This could reflect a decrease in the num- 
ber of T cells carrying TCR specific for MBP. However, 
there are other possible mechanisms that might be op- 
erative during the T cell depletion and subsequent re- 
population phases. Part of the effect could be due to 
alterations in the functions of the repopulated T cells 
capable of binding MBP. For example, the naive pheno- 
type CD3 + CD45RA* is very underrepresented in the 
early repopulation period. Alternatively, repopulation 
during the disease process might induce a switch (im- 
mune deviation) in phenotype from T H 1 to T H 2 that 
would give the appearance of tolerance to MBP (32). 
Anti-CD 3 immunotoxin has been shown to induce toler- 
ance to rhesus renal allografts mismatched at both 
MHC class I and class II loci. Tolerance was shown by 
the acceptance of donor skin grafts and the rejection of 
third party grafts. This appears to take several months 
to develop indicating an active immune process (15). 
However, the mechanism of this process has not yet 
been delineated. One possible mechanism is that dur- 
ing the depletion phase the ratio of non-professional 
antigen-presenting cells (B cells) greatly exceeds the 
number of T cells. It has been suggested that this popu- 
lation inversion which is akin to the neonatal state 
favors tolerance over immunization (33). Whether a 
similar tolerizing processes to autoimmune-inducing 
antigens could be operative in the immunotoxin toxin 



treatment of autoimmune diseases remains to be eluci- 
dated. 
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TGFa-PE40, a recombinant toxin in which trans- 
forming growth factor a (TGFo) is fused to a mutant 
form of Pseudomonas exotoxin, is selectively cytotoxic 
to cells bearing epidermal growth factor (EGF) recep- 
tors. Heparin binding EGF-like growth factor is a po- 
tent mitogen for smooth muscle cells capable of binding 
to both the EGF receptor and to immobilized heparin 
(Higashiyama, S., Abraham, J., Miller, J., Fiddes, J., 
and Klagsbrun, M. (1991) Science 251, 936-938)* To 
study the effect of the heparin-binding domain in a 
chimeric toxin targeted to the EGF receptor, we fused 
the DNA sequence corresponding to the putative NH a - 
terminal heparin-binding (HB) domain of HB-EGF to 
chimeric toxins composed of TGFa and two different 
recombinant forms of Pseudomonas exotoxin (PE). 
One of these is a truncated form of PE devoid of the 
binding domain (TGFa-PE38); another is a mutant 
form of full-length toxin containing inactivating mu- 
tations in the binding domain and an altered carboxyl 
terminus (TGFa-PE 4B KDEL). The resulting chimeric 
toxins HB-TGFa-PE38 and HB-TGFa-PE 4B KDEL 
were expressed in Escherichia coli as inclusion bodies, 
refolded, and purified by heparin affinity chromatog- 
raphy. Both of the toxins were eluted from heparin at 
0.8 M NaCl, in contrast to their respective TGFa toxins 
which were eluted at 0.15 M. Binding studies on A431 
cells showed that the HB-TGFa toxins bound to the 
EGF receptor with an affinity similar to that of the 
TGFa toxins. However, cell killing studies on a panel 
of malignant cell lines showed that cytotoxicity was 
strongly affected by the presence of the HB domain. 
Cell lines expressing high numbers of EGF receptors 
such as A431 and KB were less sensitive to toxins 
containing the HB domain. Cells with low number of 
EGF receptors had similar responses to both types of 
toxins (MCF-7 and LNCaP) or were more sensitive to 
the toxin with the added HB domain (HEP-G2). HB- 
TGFa-PE 4E KDEL was over 10-fold more cytotoxic 
against proliferating vascular smooth muscle cells 
(VSMC) than to quiescent VSMC. Moreover, HB- 
TGFa-PE 4E KDEL was 6-fold more potent than TGFa- 
PE 4E KDEL to proliferating VSMC. Competition stud- 
ies with EGF and/or heparin showed that heparin 
blocks the cytotoxicity of HB-TGF toxins and the in- 
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hibitory action of heparin is stronger in cells express- 
ing lower number of EGF receptors. In addition, ex- 
periments with heparitinase-treated cells showed that 
in cells with low numbers of EGF receptors the binding 
of the HB domain to cell surface heparan sulfate pro- 
teoglycans appears to facilitate the internalization of 
the toxin. We conclude that addition of a HB domain to 
TGFa-PE38 or TGFa-PE 4K KDEL confers the ability to 
bind to and to be modulated by heparin-like molecules 
and increases their cytotoxicity to cells expressing low 
numbers of EGF receptor and proliferating smooth 
muscle cells. 



The use of targeted toxins is a promising approach for the 
therapy of cancer and autoimmune diseases, as well as other 
disorders (Pastan et al % 1986, 1992; Pastan and FitzGerald, 
1989; Vitetta et aL 9 1987). Initially, toxins were chemically 
coupled to antibodies and growth factors in order to kill target 
cells with differential surface properties (Vitetta et aL, 1987; 
Pastan et aL, 1992). Advances in the recombinant DNA field 
have made it possible to construct chimeric toxins from genes 
encoding growth factors or single chain antibodies fused to 
toxin genes (Pastan et at, 1992). 

One of the toxins that has proven versatile in producing 
chimeric toxins is Pseudomonas exotoxin A (PE) 1 (Pastan et 
aL, 1986, 1992; Pastan and FiteGerald, 1989). PE is a 66-kDa 
molecule that kills animal cells by inhibition of protein syn- 
thesis (Iglewski and Kabat, 1975). In order to kill a cell, the 
toxin must first be internalized by receptor-mediated endo- 
cytosis, and then must translocate to the cytosol where it 
catalyzes the ADP-ribosylation of elongation factor-2 
(FitzGerald et aL, 1980). Crystallographic studies have iden- 
tified three major domains in PE (Allured et aL, 1986). Do- 
main la enables PE to bind to the PE receptor (Hwang et aL, 
1986; Jinno et aL, 1988), and domain II is involved in the 
processing and translocation of the toxin to the cytosol 
(Hwang et aL, 1986; Ogata et aL 1990). Domain III contains 
the ADP-ribosylating activity (Hwang et aL, 1986). In addi- 
tion, amino acids at the COOH -terminal residues of PE, 
REDLK, are required to route the toxin to an intracellular 
compartment from which it can translocate to the cytosol 



1 The abbreviations used are: PE, Pseudomonas exotoxin; SMCs, 
smooth muscle cells; VSMCs, vascular smooth muscle cells; HB, 
heparin binding; TP38, TGF«-PE38; HB-TP38, HB-TGFa-PE38; 
TP4EK, TGF«-PE 4E KDEL; HB-TP4EK, HB-TGFa-PE^DEL; 
HSPG, heparan sulfate proteoglycan; EGFR, EGF receptor; BES, 
NJV-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid; TGFa, trans- 
forming growth factor a; FBS, fetal bovine serum; kb, kilobase(s). 
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(Chaudhary et aL, 1990a). If the COOH terminus, REDLK, is 
changed to the known endoplasmic reticulum retention se- 
quence, KDEL, toxin activity is increased (Chaudhary et aL, 
1990a; Seetharam et aL, 1991). The function of domain lb, a 
4-kDa segment between domains II and III is unknown, and 
much of it has been deleted without loss of activity (Siegall et 
al„ 1989). 

To kill specific target cells, domain I of PE can be replaced 
by various Uganda, such as growth factors (TGFa, interleukin 
6, acidic FGF, insulin-like growth factor 1) (Chaudhary et aL, 
1987; Siegall et aL, 1988, 1989a, 1989b; Prior et aL, 1991), 
single chain antibodies (Chaudhary et aL, 1989; Brinkmann 
et aL, 1991), and other molecules capable of specifically tar- 
geting the toxin (Chaudhary et aL, 1988). The residual toxin 
portion can contain domain II, part of domain lb, and domain 
III (PE38). In addition, growth factors like aFGF and TGFa 
have been fused to mutants of full-length PE (PE 48 ) (Chaud- 
hary et aL, 1990b; Kreitman et aL, 1991a; Siegall et aL, 1991) 
that have mutations in domain la making the toxin incapable 
of binding to the PE receptor. The resulting chimeric toxins 
bind to and selectively kill cells expressing appropriate surface 
molecules. One of these chimeric toxins, TGFa-PE40, selec- 
tively kills cells expressing high numbers of EGF receptors 
(EGFR). These include many cancer cell lines, as well as 
proliferating smooth muscle cells (Siegall et aL, 1989b; Epstein 
et aL, 1991). This chimeric toxin has also been shown to have 
anti-tumor activity in mice carrying subcutaneous tumors 
(Pai et aL 9 1991; Heimbrook et aL, 1990) and is currently 
being tested as a possible therapy for human bladder cancer. 
However, the amount of TGF«-PE40 and related toxins that 
can be administered systemically is limited by liver toxicity, 
which is due to the relatively high number of EGF receptors 
on liver cells. In addition, these chimeric toxins have a short 
half-life in the blood stream. To prolong the half-life of 
chimeric toxins, protease sites have been removed (Brink- 
mann et aL, 1992), and protein domains such as the C H 2 
domain of IgG have been added (Batra et aL, 1992). Recent 
studies have also demonstrated that the bFGF has an in- 
creased half-life when administered with heparin ( Whalen et 
aL, 1989). 

Very recently, two heparin-binding growth factors which 
bind to the EGFR have been described; these include the 
heparin-binding EGF-like growth factor (HB-EGF) (Higashi- 
yama et aL, 1991) and amphiregulin (Shoyab et aL, 1989). HB- 
EGF is a growth factor which is highly mitogenic to smooth 
muscle cells (SMCs). Proliferation of vascular SMCs is im- 
plicated in several vascular disorders such as atherosclerosis 
and restenosis following angioplasty (Ross, 1986; Austin et 
aL, 1987; Woolf, 1990). Since proliferating VSMCs produce 
HB-EGF (Yoshisumi et aL, 1992) and display high numbers 
of EGFRs (Epstein et o/., 1991), an HB-EGF autocrine loop 
has been postulated as a cause of SMC hyperplasia (Klagsbrun 
et aL, 1992). Cytotoxic agents capable of targeting proliferat- 
ing VSMC might be useful to treat these disorders. Chimeric 
toxins targeted by TGFa and aFGF have been assayed on 
proliferating VSMC and are currently being tested both in 
vitro and in vivo as possible therapies for restenosis following 
angioplasty (Epstein et aL, 1991; Lindner et aL, 1991; Casscells 
et aL, 1992; Biro et aL, 1992). 

The mature HB-EGF polypeptide, in addition to containing 
an EGF like domain, has an N terminus rich in lysine and 
arginine residues. It is believed that this basic amino acid 
sequence confers HB activity to the molecule without affect- 
ing its affinity for the EGFR and facilitates its mitogenic 
activity (Higashiyama et aL, 1991, 1992). We designed two 
new chimeric toxins having both a HB and an EGFR binding 
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function by fusing the HB domain from HB-EGF to TGFcr- 
PE38 or TGFa-PE 4E KDEL. In this manner we generated 
chimeric toxins bearing a binding domain composed of a 
chimeric ligand HB-TGFa, which presumably will be func- 
tionally equivalent to HB-EGF. These two new chimeric 
toxins allowed us to address several questions. Does the HB 
domain improve the ability of TGFa to target proliferating 
VSMCs? Does the HB domain increase the activity of the 
new recombinant toxin toward certain cancer cell lines? Fi- 
nally, by comparing the activities of HB-TGF toxins and their 
respective TGF toxins we could determine the importance of 
the HB domain in the interaction of the toxins with target 
cells and gain insight into the biological role of the HB domain 
of HB-EGF. 

MATERIALS AND METHODS 

Human Cancer Cell Lines — Most cell lines were from the American 
Type Culture Collection (Rockville, MD) and were cultured and 
maintained as suggested by the supplier. HUT- 102 cells were a gift 
from Dr. T. Waldmann (National Cancer Institute, National Insti- 
tutes of Health). TE-671, D-54MG, and NCI 417D were generously 
provided by Dr. D. Bigner (Department of Pathology, Duke Univer- 
sity Medical Center, Durham, NC). 

Smooth Muscle Cells— Cultured VSMC were isolated from Spra- 
gue-Dawley rata (200-250 g) by the explant method as previously 
described (Epstein et aL, 1991). VSMC were maintained in medium - 
199 (M199) (Biofluids, Rockville, MD), 2 mM L-glutamine, 100 units/ 
ml penicillin, and 100 tig/ml streptomycin, supplemented with 10% 
fetal bovine serum (FBS) for rapidly proliferating cells or 0.5% FBS 
for quiescent cells. Identification of VSMC was confirmed by their 
typical morphological character and immunocytochemical staining 
by anti- muscle actui. VSMC were used between passages 11 and 13. 

Plasmid Construction—The plasmid pCSlO encodes TGFa-PE38, 
which is identical to TGFa-PE40 except that it is missing amino 
acids 365-380 of PE. Like TGFa-PE40, it contains an JVtfel site at 
the 5' end of the coding region and an Ncol site near codon 18 of 
TGFa (Fig. IB). pCSlO was cut with Ndel, and an 87-mer oligonu- 
cleotide duplex flanked by Ndel sites was ligated to the vector. The 
5' end of the inserted sequence contained a Ndel-Nhel fragment 
of sequence T-ATG-GTC-AGG-CTA-TCT-TCG-AAA-CCT-CAG- 
GCG encoding for the 9 amino-terminal residues of HB-EGF. This 
new plasmid pRK439l was converted to a high copy number plasmid 
pRK4391 f + T. The 1.0-kb XbahXhol fragment of pRK4391 was 
ligated to the the 3.4-kb XbahXhol fragment of p70l8 (Batra et a/., 
1990), resulting in pRK4391 f + T. This plasmid was digested with 
Ncol and Nhel, and then a three fragment ligation was performed 
using two oligonucleotide duplexes. The resulting plasmid pRK4392 
encodes HB-TGFa-PE38. The 5' -terminal portion of its coding se- 
quence was determined by DNA sequencing and is shown in Fig. IB. 
To make pEMHB4E encoding HB-TGFa -PE 48 , the 257-bp Xbal- 
Sphl fragment of pRK4392 was ligated to the 4.9-kb Xbal-Sphl 
fragment of pVC34E/4E, which encodes for TGFa-PE* 8 (Kreitman 
et aL, 1991b). Plasmids pEMHB4EK or pEMT4EK. encoding for 
TGFa-PE* E KDEL or HB-TGFa-PE 4E KDEL ( respectively, were 
made by ligating the 0.36-kb BamHhEcoBJ fragment of pCSF4K to 
the 4.8-kb EcoHl-BamHl fragment of pVC34/4E or pEMHB4E, 
respectively. Plasmids pRK4392 and pEMHB4EK showing the rele- 
vant restriction sites together with the structure of the four chimeric 
toxins are shown in Fig. IB. 

Expression and Purification of the Chimeric Toxins— Expression, 
refolding, and purification of the HB-TGFa chimeric toxins were 
accomplished by a modification of previously published methods 
(Kreitman et aL, 1991a, 1991b; Buchner et aL, 1992). Escherichia coli 
BL21 (XDE3) (Studier and Moffat, 1986), transformed with the 
specific plasmid, was grown to an OD«oo of 1. Expression was induced 
by the addition of isopropyl-l-thio-0-D-galactopyranoside (United 
States Biocheraicals, Cleveland, OH). Cells were harvested after 90 
min of induction, and spheroplasts were prepared by osmotic shock. 
Inclusion bodies, obtained from the spheroplasts by sonication, were 
denatured with guanidine-HCl 7 M containing 0.3 M dithioerithreitol. 
Renaturation and refolding was achieved by 100-fold dilution into 
Tris, pH 8.0, containing 0.4 M arginine, 2 mM EDTA, and 4.9 g/liter 
GSSG. After stirring at 4 "C for 20 h, the renaturing solution was 
dialyzed against 20 mM Tris buffer, pH 7.4, containing 100 mM urea 
and 50 mM NaCl. The dialyzed protein was centrifuged 30 min at 



Heparin-binding TGFa Chimeric Toxins 



4855 



18,000 revolutions/minute on a Sorvall SS-34 rotor, filtered through 
a 0.22-fim filter, and loaded on an Econo-pak heparin column (Bio- 
Rad). The Econo-pak column was eluted with a 0-1 M NaCl gradient 
(20 ml) in 20 mM Tris, pH 7.4. The fractions eluting from 0.4 to 0.9 
M NaCl were pooled, diluted to a final NaCl concentration of 150 
mM, and loaded onto a TSK-heparin column (Toso-Haas, Philadel- 
phia, PA) t washed with 0.15 M NaCl, and eluted with a 20- ml 0.16-1 
M NaCl gradient. Each fraction wa8 characterized by cytotoxic activ- 
ity toward A431 cells, SDS-polyacrylamide gel electrophoresis (Laem- 
mli 1970), and analytical size exclusion chromatography (TSK-3000 
gel, Toso-Haas, Philadelphia, PA). For the expression and purifica- 
tion of TGFa chimeric toxins, we used the protocol previously de- 
scribed (Kreitman et al, 1991a, 1991b) without any modification. 
aFGF-PE 4E KDEL was obtained as described (Siegall et al., 1991). 

Cytotoxicity Assays — Cytotoxicity assays were performed as de- 
scribed (Kreitman et at, 1991a, 1991b). Adherent cells were plated 
24 h prior to toxin addition in 96-well plates at a density of 1 X 10* 
cells/ml. After incubating with toxins at 37 *C for 16-18 h, 1 jiCi of 
[ 3 H] leucine was added to each well, and the cells were incubated for 
4 additional h. After freeze/thawing, the cells were harvested onto 
Filtermat papers and counted in a Betaplate scintillation counter 
(Wallac-Pharmacia, Gaithersburg, MD). The counts/minute data 
reported from cytotoxicity assays were the medians of triplicate 
experiments, each of which generally deviated from their means by 
less than 10%. ID W values and cytotoxicity profiles reported are 
representative of several confirmatory assays. Cytotoxicity assays in 
VSMC were performed as described before (Epstein et al, 1991). 
Briefly, VSMC were plated 48 h prior to toxin addition in 24 -well 
plates at a density of 1 x 10* cells/ml. After incubating with toxins 
for 48 h, 5 jiCi of [*H]leucine was added to each well. The following 
steps were same as above. 

Effect of Heparin, EGF, and Heparitinase on Cytotoxicity— Fox 
preincubation assays, toxins at a concentration of 4 pg/ml were 
incubated for 15 min with heparin (10 units/ml) (Upjohn, Kalamazoo, 
MI) at 22 *C. The heparin -treated toxins were diluted and assayed as 
described above. For assays in presence of heparin, heparin was added 
to the cellB with the toxin. For competition experiments, 2 h before 
adding the toxin, plates were cooled on ice, and EGF (GIBCO-BRL, 
Gaithersburg, MD) was added to the plates up to 4 *ig/ml. Plates were 
incubated at 4 *C for 90 min with gentle rocking. Toxins with or 
without heparin were then added, and the assay was continued as 
described above. For heparitinase digestion, heparitinase (Linhardt 
et at, 1990) (heparitinase III, heparan sulfate lyase, EC 4.2.2.8, ICN 
Biochemicals, Costa Mesa, CA) was added to the cells up to 1 
milliunit/ml 3 h prior to toxin addition. The assay was then continued 
as described above. 

Binding Displacement Assays — Displacement assays were per- 
formed as described (Kreitman et at, 1991a, 1991b). A431 cells were 
plated at 8 X 10 s cells/ml/well in 24- well plates. Twenty-four h later 
the medium was discarded, and the adherent cells were washed two 
times with ice-cold binding buffer (Dulbecco's modified Eagle's me- 
dium containing 1 mg/ml bovine serum albumin and 50 mM BES, 
pH 6.8). Plates were then placed on ice, and 200 /d of binding buffer 
containing 0.5 ng of 12B I-EGF (0.1 j*Ci/ng, Du Pont-New England 
Nuclear) and 100, 10, 1, or 0.1 nM of toxins or controls was added. 
After incubation at 4 "C with gentle rocking, the binding solution was 
aspirated and the cells washed three times with cold binding buffer. 
The cells were then lysed by the addition of 0.5 ml of lysis buffer (10 
mM Tris-HCl, pH 7.4, 0.5% SDS, EDTA 1 mM) and bound 1M I-EGF 
was quantitated with a gamma detector. Results represent the median 
value of triplicates. Binding profiles are representative of at least 
three experiments with similar data. 

RESULTS 

Construction of the Heparin-binding TGFa Chimeric Tox- 
ins — To determine the effect of adding a heparin-binding 
domain to a chimeric toxin composed of TGFa and mutant 
forms of PE, we took advantage of the recent discovery of 
HB-EGF which binds both to heparin and to the EGFR 
(HigashiBhama et aL f 1991) (Fig. L4). We combined the 
proposed HB region of HB-EGF with two forms of TGFa- 
PE. As shown in Fig. IB, we made recombinant fusion pro- 
teins in which the putative HB domain of HB-EGF was placed 
at the amino terminus of TGFo-PE38 (TP38). The binding 
region of the resulting chimeric toxin, HB-TGFa-PE38 (HB- 



TP38), is functionally equivalent to HB-EGF because it con- 
tains both a heparin-binding domain and a EGFR-binding 
domain, and also shares a high degree of sequence homology 
(Fig LA), To obtain a chimeric toxin with high cytotoxic 
activity, the HB domain was also fused to TGFa-PE 4E KDEL 
(TP4EK) to obtain HB-TGFa-PE iE KDEL (HB-TP4EK). 

Expression and Purification of HB-TGFa Toxins and Hep- 
arin Affinity Chromatography— After expression of each p las- 
mid in E, cok\ the chimeric protein accumulated in inclusion 
bodies. To obtain the recombinant protein in a soluble, active 
form, the inclusion bodies were dissolved in a denaturing 
buffer and the protein renatured and refolded as described 
previously (Kreitman et al, 1991a; Buchner et al, 1992). The 
soluble protein was purified by heparin affinity chromatog- 
raphy on a TSK-heparin column (Fig. 2A). The latter was 
used both as a purification step and also to measure the 
affinity of the chimeric toxin to heparin. For this measure- 
ment TP38 and TP4EK were employed as negative controls 
and aFGF-PE 4E KDEL as a positive control (Siegall et aL f 

1991) . As shown in Fig. 2A, HB-TP38 and HB-TP4EK elute 
from the TSK-heparin column as two peaks, one at 0.6 m and 
the other at 0.8 M NaCl. Protein eluting within these peaks 
showed a similar degree of purity (90%) as deduced by SDS- 
polyacrylamide gel electrophoresis (Fig. 2B). However, the 
protein eluting at 0.8 M NaCl was 10-fold more cytotoxic to 
A431 cells than the protein eluting at 0.6 M (data not shown). 
Typical yields for the toxin eluting at 0.8 M NaCl were 600- 
1000 Mg/liter of a culture induced at ODeoo 1.0. Since TP38 
and TP4EK eluted from heparin at 0.15 M NaCl we can 
conclude that the HB domain of the HB-EGF conferred to 
this chimeric toxin the ability to bind to heparin. 

Cytotoxicity to A431 Cells and Binding to the EGFR of the 
HB-TGFa-PEs— Since HB-EGF and EGF bind to the EGFR 
of A431 cells with similar affinities (Higashiyama et al, 1991, 

1992) , we anticipated the cytotoxic activities of HB-TP38 and 
HB-TP4EK toward A431 cells might be similar to those of 
TP38 and TP4EK. To measure cytotoxic activity, different 
concentrations of each toxin were incubated with cells over- 
night, and protein synthesis was monitored by measuring [ 3 H] 
leucine incorporation (Fig. 3). As shown in Table I, HB-TP38 
and HB-TP4EK were both very cytotoxic to A431 cells, with 
IDm values 1.0 and 0.12 ng/ml, respectively. However, TP38 
and TP4EK were 20- and 4-fold more cytotoxic, with ID M 
values of 0.05 and 0.03 ng/ml, respectively. Excess EGF (4 
Mg/ml) completely blocked the cytotoxicity of the HB-TGFa- 
PEs for A431 cells (see below), and the toxins displayed very 
low cytotoxicity to cells without EGFRs (HUT- 102, data not 
shown) indicating the specificity of these toxins for the EGFR. 

To test whether the decrease in cytotoxicity of HB-TGFa 
chimeric toxins toward A431 cells was due to a decrease in 
the affinity of the HB toxins for the EGFR, we measured the 
ability of the chimeric toxins to displace EGF from A431 cells. 
As shown in Fig. 4A, the concentrations of HB-TP38 and 
HB-TP4EK necessary for 50% displacement of the 125 I-EGF 
(ICm) were slightly lower (10 and 6 nM, respectively) than the 
ICsoS for TP38 and TP4EK (20 and 11 nM, respectively). 
Therefore, the HB-TGFa toxins bind to the receptor with the 
same or slightly higher affinity than their respective TGFa- 
PE toxins. This results indicate that the 4-20-fold decrease 
in cytotoxic activities of the HB-TGFa chimeric toxins (Fig. 
3 and Table 1) is not due to a decrease in their affinity for the 
EGFR. Thus, interactions with cellular components other 
than the EGFR are probably important in determining the 
cytotoxicity of the HB-TGFa toxins. 

Cytotoxicity of HB-TGFa-PEs to Various Human Cancer 
Cell Lines — If the interactions between cell components and 
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FiO. 1. A, amino acid sequence com- 
parison between HB-EGF (Higashiyama 
et aL, 1991), EGF (Gregory, 1976), and 
HB-TGFa. Boxed residues indicate iden- 
tity with the corresponding residue of 
HB-EGF. Underlined are the residues 
encompassing the HB domain. B, DNA 
and amino acid sequence of the HB do- 
main of HB-EGF and the structure of 
plasmids encoding for the TGFa and 
HB-TGFa toxins. Abbreviation of re- 
striction enzymes: E, EcoHl; B, BamHI; 
ATc, ATcoI; AW, Ndel; Nh, Nhel; 5, Sphl; 
X, Xbal. TGFa sequences; D, PE 
sequences; El, HB (Met amino acids 1- 
45 of mature HB-EGF) (Higashiyama et 
at, 1991). 
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Fig, 2. A, heparin affinity chroma- 
tography profiles on TSK-heparin col- 
umns of TP38 (a), TP4EK (6), aFGF- 
PE^KDEL (c), HB-TP38 (d), and HB- 

TP4EK <e). , NaCl molarity; A, OD 

280 nm. fJ t purified fractions eluted from 
TSK chromatography (TGFor-PE tox- 
ins), or TSK-heparin chromatography 
(HB-TGFa-PE toxins) analy2ed by 
SDS-polyacrylamide gel electrophoresis 
on a 12% polyacrylamide gel and stained 
with Coomassie Blue- Lane 2, molecular 
mass standards; lane 2, TP38; lane 3, 
HB-TP38; tone 4, TP4EK; lane 5, HB- 
TP4EK. 
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Fig. 3. Cytotoxicity assay of TGFa and HB-TGF<* toxins on 
human cancer cell line*. O t TP38; Q, TP4EK; #, HB-TP38; 
HB-TP4EK; , 50% [ 3 H)leucine incorporation. 

Table I 

Cytotoxicity of TGFa and HB-TGFa toxins toward different human 

cancer cell lines 



ID. 



Cell lines (cancer type) 



TP38 HB-TP38 TP4EK HB-TP4EK 



0.05 
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0.03 


0.12 


0.4 


20 


0.35 


0.7 


0.25 
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0.25 


0.35 


1.5 


8 


ND 


0.5 


0.5 


7 


0.35 


03 


1.5 


2 


0.5 


0.1 


0.15 


0.4 


0.15 


0.3 


0.4 


0.5 


0.5 


0.5 


0.15 


3 


Ntr* 


0.3 


1000 


1000 


30 


7 


0.7 


50 


ND 


0.3 


1 


8 


1 


1 


0.05 


03 


0.05 


0.05 


0.5 


5 


0.3 


0.3 


650 


250 


20 


2.5 



ng/ml 

A431 (epidermoid) 
KB3-1 (epidermoid) 
COLO 205 (colon) 
HT-29 (colon) 
CRL 1739 (gastric) 
HEP G2 (hepatoma) 
LNCAP (prostate) 
MCF-7 (breast) 
MDA-MB-468 (breast) 
NCI 417D (lung) 
MG63 (osteosarcoma) 
TE-671 (rhabdomyosarcoma) 
U-251 (glioblastoma) 
D-54MG (glioma) 
SW-13 (adrenal) 

• ND, not determined. 

the HB domain are the cause of differences in the cytotoxic 
activities between HB-TGFor-PE and TGFa-PE toxins, we 
expected to find different cytotoxic responses among different 
cell lines. Therefore, the cytotoxic activities of HB-TP38 and 
HB-TP4EK and their respective TGFa-PE forms were meas- 
ured on a panel of 15 cancer cell lines. As shown in Fig. 3 and 
Table I, the ID M values of the chimeric toxins and the relative 
toxicity of HB-TGFa toxins compared to those without the 
HB domain varied widely among the different cell lines. In 
the cell lines A431, Colo205, CRL 1739, KB, MG63, U-251, 
and D-54MG, TP38 was at least 10-fold more cytotoxic than 
HB-TP38. In none of the cell lines, except A431, was the 
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FlO. 4. Displacement of binding of 1,a I-EGF to A431 cells 
by TGFa and HB-TGFa chimeric toxins. Panel A, A, EGF; O, 
TP38; HB-TP38 Panel B, A, EGF; TP4EK; ■, HB-TP4EK. 

Table II 

Effect of heparin on the cytotoxicity of heparin binding toxins on 

various human cancer cell lines 

Cytotoxicity experiments were carried out in presence of 2.6 n/m\ 
of heparin. indicates no effect on the cytotoxicity. +, indicates an 
inhibitory effect on the cytotoxicity, with less than a 6-fold increase 
in the ID». ++, indicates an inhibitory effect of 6-10-fold increase in 
the IDbo. +++, indicates an inhibitory eiTect of more than 10-fold 
increase in the ID M . A, indicates an increase in the cytotoxicity, with 
at least a 3-fold decrease in the IDao. 



TP4EK 



HB-TP4EK 



A431 

CRL 1739 

KB3-1 

LNCAP 

SW.13 

U-251 

NCI 417D 

COLO 205 

D-54MG 

HEP G2 

TE-671 

MCF-7 



+ 
+ 
+ 



+++ 
+++ 
+++ 
+++ 
+++ 



cytotoxic effect of TP4EK more than 2-fold greater than that 
of HB-TP4EK (Table I). On cell lines HEPG2, H-421, and 
SW-13, HB-TP4EK was 4-8-fold more cytotoxic than 
TP4EK. In all the cell lines except MCF-7 and LNCaP, HB- 
TP4EK was much more cytotoxic (8-145-fold) than HB- 
TP38. These data show that the HB-chimeric toxin contain- 
ing the full-length mutant PE toxin ending in KDEL 
(PE* E KDEL) had more cytotoxic activity than the truncated 
form (PE38). Moreover, the addition of the HB domain to 
TP4EK maintained much of the cytotoxicity of the TGFa- 
PE toxin to most of the cell lines tested and improved its 
cytotoxicity toward several cell lines. 

Effect of Heparin on the Cytotoxicity of HB- TGF a-PEs — 
To study the influence of interactions involving the HB 
domain on cytotoxicity, we used soluble heparin. When the 
heparin-binding toxins were preincubated with heparin prior 
to testing their cytotoxicity, the only cell line which consist- 
ently showed a modification of cytotoxicity was the glioblas- 
toma cell line U-261. In this cell line, the sensitivity to HB- 
TP4EK increased 3.5-fold after the preincubation of the toxin 
with heparin (data not shown). When cells and toxins were 
exposed to 10 Mg/ml (2.5 units/ml) of heparin, most of the 
cell lines but not A431 showed a specific dose-dependent 
inhibition in the cytotoxicity of HB-TP4EK (Table II and 
Fig. 6). Fig. 5 shows that even concentrations of heparin up 
to 100 units/ml did not affect the sensitivity of A431 cells to 
HB-TP4EK. The cytotoxic activity of TP4EK was also not 
significantly modified by heparin either by preincubation or 



Heparin-binding TGFa Chimeric Toxins 



4859 




HEPARIN CONCENTRATION (U/ml) 

FIG. 5. Effect of heparin on the cytotoxicity of U>w> <0) 
TP4EK and HB-TP4EK (•) on different cell lines. Cytotoxicity 
assays were performed in the presence of the indicated concentration 
of heparin, as described in text. 

by addition of heparin to the cytotoxicity assay. Therefore, 
the addition of the HB domain confers the ability of the 
toxins to be modulated by heparin, suggesting a role fox 
interactions of the HB domain with cellular components on 
the cytotoxicity of HB-TGFa toxins. 

Competition Studies with EGFand Heparin— The enhanced 
cytotoxicity of the HB-TGFa toxins toward some cell lines, 
and the inhibition by heparin suggests that the HB domain, 
in addition to the EGFR-binding domain, plays a role in the 
binding and internalization of the HB-TGFa toxins. To de- 
termine the importance to toxin internalization of both the 
EGFR and the putative receptor for the HB domain, we 
performed competition assays using an excess of EGF with or 
without excess heparin. Fig. 6A shows that the cytotoxicity of 
TP4EK and HB-TP4EK toward A431 and KB cells is com- 
pletely blocked by EGF. Similar results were found with CRL 
1739 cells (data not shown). Conversely, the cytotoxicity to 
LNCAP and SW-13 cells was not competed by EGF (data not 
shown). Finally, in HEPG2 and MCF-7 cells (and U-251, data 
not shown) the extent of EGF competition achieved for HB- 
TP4EK was much lower than that for TP4EK (Fig. 6A). In 
all cases the lack of competition was overcome by the addition 
of heparin (Fig. 6A), further suggesting that interactions with 
the HB domain in some cell lines affects toxin binding and/ 
or internalization. 

Like other growth factors carrying heparin-binding do- 
mains such as bFGF, the HB-TGFa toxins may bind to 
heparan sulfate chains present on cell surface heparan sulfate 
proteoglycans (HSPGs) (Klagsbrun and Baird, 1991; Raprae- 
ger et aL t 1991). To test whether the binding to HSPG was 
involved in the internalization of HB-TGFa toxins, we per- 
formed cytotoxicity experiments after treatment of the cells 
with heparitinase, an enzyme that specifically degrades hep- 
aran sulfate chains (Linhardt et a/., 1990; Rapraeger et at, 
1991). As shown in Fig. 6B, treatment with heparitinase 
decreased the toxicity of HB-TP4EK on HEP G2 cells and 
MCF-7 cells, but did not alter the cytotoxicity of both the 
TGFa and HB-TGFa toxins to A431 cells. This result, to- 
gether with the data from the competition experiment, indi- 
cates that in HEPG2 and MCF-7 cells binding of the HB 
domain to HSPG is involved in the internalization of HB- 
TGFa- toxins. Moreover, in HEPG2 cells in which the HB- 



TP4EK is more cytotoxic than TP4EK, treatment with he- 
paritinase decreased the cytotoxicity of the HB toxin to a 
value similar to TP4EK, indicating that the enhancement of 
the cytotoxicity by the HB domain is due to binding to cell 
surface heparan sulfates. 

HB-TGFa-PE as a Cytotoxic Agent to Rapidly Proliferating 
Smooth Muscle Cells— Because proliferation of SMCs is as- 
sociated with vascular disease processes such as restenosis 
after angioplasty and atherosclerosis (Ross, 1986; Austin et 
oL, 1987; Woolf, 1990) and because HB-EGF is a much more 
potent growth factor for VSMC than EGF (Higashiyama et 
aL, 1991), we wished to determine the cytotoxic activity of the 
HB-TGFa toxins to proliferating VSMC. Accordingly, we 
compared the cytotoxic activity of HB-TGFa and TGFa 
toxins to rapidly proliferating SMC (growing in 10% FBS) or 
to quiescent SMC (growing in 0.5% FBS). Table III shows 
that TP38, HB-TP4EK, and TP4EK were more cytotoxic to 
proliferating smooth muscle cells than to quiescent VSMC. 
HB-TP4EK is over 10-fold more cytotoxic to proliferating 
VSMC than to quiescent VSMC. This differential effect was 
previously shown using TGFa and aFGF chimeric toxins 
(Epstein et at, 1991; Biro et al, 1992) and ascribed to a 
proliferation induced up-regulation of EGFR and FGF recep- 
tors. Most importantly, we found in this study that HB- 
TP4EK is 6-fold more potent toward proliferating vascular 
SMCs than TP4EK (1D M 0.25 ng/ml versus 1.5 ng/ml). We 
also tested the effect of heparin in this system, and we found 
that heparin also selectively inhibited the cytotoxicity of the 
HB-TGFa toxins against vascular SMCs (Table III). TP38 
and TP4EK, however, showed an increased cytotoxicity in 
the presence of heparin. These results indicate that both HB- 
TP4EK or the combination of TGFa toxins and heparin may 
constitute highly cytotoxic agents to target proliferating 
VSMC. 

DISCUSSION 

The objective of the present work was to test the effect of 
the putative heparin-binding domain from HB-EGF on the 
activity of toxins targeted to the EGFR. We found that the 
addition of the HB domain to TP38 and TP4EK conferred 
an ability to bind to heparin and changed cytotoxic activity 
toward a panel of cancer cell lines and SMCs. Inclusion of 
the HB domain did not substantially alter the affinity of the 
chimeric toxins for the EGFR. However, the specific heparin 
inhibition of the activity of the HB-TGFa toxins and the 
results of competition experiments with EGF and experiments 
with heparitinase indicated that binding of the heparin-bind- 
ing domain to cell surface heparan sulfate proteoglycans is 
involved in the uptake of the toxin. 

Expression, Refolding, and Purification of the HB-TGFa- 
PEs — The production of a recombinant toxin having the 
bifunctional ligand HB-TGFa posed several problems. Since 
these proteins are produced in E. coli as inclusion bodies, the 
protein must be denatured and then renatured to acquire its 
active conformation. Although our HB-TGFa ligand was very 
similar to HB-EGF (Fig. M), we did not know if we attached 
HB-TGFa to PE that the resulting molecule would fold 
correctly. Our results showed that after renaturation under 
controlled conditions, HB-TGFa toxins bound to immobilized 
heparin and eluted at 0.8 M NaCl. TP38 and TP4EK rena- 
tured under the same conditions eluted from heparin at 0.15 
M NaCl. These results indicate that the HB domain from HB- 
EGF is a polypeptide sequence capable of conferring high 
affinity heparin binding to another molecule. Therefore, we 
conclude that the heparin-binding domain of HB-EGF is 
contained within its amino-terminal 42 residues. 
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Pig. 6. A, competition of the cytotox- 
icity of TP4EK and HB-TP4EK by hep- 
arin and EGF. The cytotoxic assay was 
performed in the presence of 4 /*g/ml of 
EGF (f^) p 4 MgAnl of EGF plus 2.5 units/ 
ml of heparin (□), or with no additions 
(■). Bars represent % inhibition of [ S H]- 
leucine incorporation at the following 
toxin concentration: A431 cells; 10 ng/ 
ml; KB cells, 10 ng/ml; HEP G2 cells, 
10 ng/ml; MCF-7 cells, 100 ng/ml. B, 
effect of treatment with heparitinase on 
the cytotoxicity of TGFa and HB-TGFa 
toxins. ES, without heparitinase. cells 
were incubated with 1 milliunit/ml of 
heparitinase at 37 "C for 3 h before toxin 
addition. 
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Table III 

Cytotoxicity of heparin-binding TGFa toxins to smooth muscle ceils: 
effect of heparin on quiescent and rapidly proliferating cells 



Toxin 




ID (JO 


(ng/ml) 




Quiescent 
(0.5% fetal bovine 
serum) 


Proliferating 
(10% fetal bovine 
serum) 


-HEP - 


+HEP* 


-HEP 


+HEP 


TP38 


15 


NLV 


2.6 


0.12 


HB-TP38 


>1000 


ND 


100 


>1000 


TP4EK 


4 


1.5 


1.5 


0.6 


HB-TP4EK 


3 


70 


0.25 


15 



° Control experiments, 

* Cytotoxicity experiments were carried out in presence of 2.5 
units/ml of heparin. 

* ND, not done. 

Table IV 

Relative cytotoxicity of HB-TGF toxins, and competition by heparin 
and EGF, for cells with different levels of EGF receptor surface 

expression 





Recx 10* 


IDwHB-TGFa-PE/ 
IDqo TGFa-PE 


Competition 


-PE38 


-PE^KDEL 


Heparin EGF 


A431 


3000 


20 


4 


- ++ 


KB3-1 


200 


50 


2 




LNCAP 


20 


2.5 


2 


+ - 


HEP-G2 


9 


1.6 


0.2 


+++ - 


MCF7 


0.8 


1.2 


1 


+++ - 



The next question was whether the new molecule was 
cytotoxic to target cells. We used cytotoxicity as an indication 
that the toxin was binding to the EGFR and was also effi- 
ciently processed within cells in order to display its ADP- 
ribosylation activity in the cytosol of target cells. The protein 
eluting at 0.8 M NaCl probably contains a better folded HB 
domain than in fractions eluting at 0.6 M NaCl. Furthermore, 
HB-TGFa toxins that eluted at 0.8 M were more cytotoxic 
and bound to the EGFR with 10-fold higher affinity than 
those eluting at 0.6 M (data not shown). The cytotoxic activity 
of TGFa and HB-TGFa chimeric toxins toward a panel of 
target cell lines showed that cell lines could be less sensitive, 
show little or no change, or become more sensitive upon 
addition of the HB domain. These results, together with the 
binding and competition studies, indicate that the HB domain 
interacts with cellular components to modify the activity of 
the TGFa toxin. In Table IV, the results of the relative 
cytotoxicity of TGFa and HB-TGFa toxins toward cell lines 
with known numbers of EGFR are summarized. Cell lines are 
ordered according to their EGFR number. It is apparent that 
for cells displaying high numbers of EGFRs, TP38 and 
TP4EK are more cytotoxic than HB-TP38 and HB-TP4EK, 
respectively. The cytotoxicity of HB-TGFa toxins toward 
these cells is less sensitive to heparin inhibition but very 
sensitive to excess EGF. On the other hand, for cell lines 
displaying low numbers of EGFR, HB-TGFa toxins are of 
equal or greater cytotoxicity than their respective TGFa 
toxins. In these cell lines the cytotoxicity of HB-TGFa toxins 
is less sensitive to inhibition by EGF but more sensitive to 
inhibition by heparin, and also affected by heparitinase treat- 
ment (see Fig. 6B). Thus, in cells with low numbers of EGFRs, 
the heparin-binding domain is involved in the increase in 
cytotoxic activity. Furthermore, our results indicate that the 
HB domain binds to cell surface HSPGs, which facilitates 
internalization of the toxin. This indicates that HB-TGFa 
toxins may function as chimeric toxins with two ligands. We 
have previously found that cell lines expressing high numbers 



of EGFRs were more sensitive to TGFa toxin if it did not 
contain interleukin 6 as an additional ligand (Kreitraan et aL f 
1991b). However, as in the present study, cells with a low 
number of EGFRs were more sensitive to TGFa toxins if they 
contained an additional ligand (Kreitman et al, 1991b). 

The reason for the decrease in the cytotoxicity caused by 
the HB domain in cell lines with high numbers of EGFRs is 
unclear. In A431 cells the HB domain neither modifies binding 
to the EGFR nor affects the cytotoxicity when bound to 
heparin. Moreover, the cytotoxicity to A431 cells is not mod- 
ified by treatment with heparitinase indicating that the bind- 
ing to HPSG is not involved in the cytotoxic activity in this 
cell line. In most of the cell lines we observed that the relative 
differences in cytotoxicity between HB-TGFa and TGFa 
toxins decreased when we replaced both the toxin portion by 
PE* E and the COOH terminus of the toxin by KDEL (see 
Table I). This improvement may be due to better processing 
and or intracellular targeting of the toxin (Ogata et aL, 1986; 
Chaudhary et aL, 1990; Seetharam etal, 1991; Siegall et aL, 
1991). It is possible that these functions are impaired in most 
of the cell lines when the HB domain is present, but are less 
impaired for toxins bearing PE 4E KDEL. 

We postulate at least two mechanisms by which the binding 
of the HB domain to HSPG can increase cytotoxicity. In cells 
expressing high levels of HSPG, the increase in the local 
concentration of toxin on the surface of the cell may facilitate 
the binding of the toxin to the EGF receptor (Ruoslahti and 
Yamaguchi, 1991). HSPG may also internalize HB-TGFa 
toxins; endocytosis of heparin sulfate proteoglycans has been 
demonstrated (Yanagishita and Hascall, 1992). Other hepa- 
rin-binding growth factors such as basic FGF and acidic FGF 
have been shown to bind cell surface HSPG (Klagsbrun and 
Baird, 1991; Rapraeger et aL, 1991). However, unlike HB- 
TGFa and HB-EGF they need to bind either to heparin or 
heparan sulfate to acquire a conformation capable of binding 
to their high affinity receptor (Klagsbrun and Baird, 1991). 
Since TGFa displays full binding activity to the EGFR, our 
results indicate that heparin like molecules exert a modulatory 
effect on the binding of the HB-TGFa ligand to the EGFR 
through the HB domain. We suspect the addition of a HB 
domain may confer the ability to be modulated by heparin to 
other ligands. 

HB-TGF as a Targeting Ligand to Vascular Smooth Muscle 
Cells— We expected HB-TGFa toxins to be more cytotoxic 
toward proliferating VSMC because HB-EGF is more mito- 
genie and binds more avidly to smooth muscle cells than does 
EGF (Higashishama et al, 1991). The 60-fold competition of 
the cytotoxicity of HB-TP4EK by heparin suggests that the 
HB domain of the molecule binds to surface HSPG and this 
facilitates internalization. One important question is why the 
cytotoxicity of TGFa toxins improves with heparin. A possible 
explanation is that the antiproliferative activity of heparin in 
SMC may enhance the cytotoxicity of TGFa chimeric toxins 
(Karnovsky et al, 1989; Edelman et al, 1990). The transient 
proliferation of medial smooth muscle cells and their subse- 
quent migration to the intima and continued proliferation is 
one of the causes of restenosis after angioplasty (Austin et aL, 
1987). Agents such as like HB-TP4EK, a molecule capable of 
specifically targeting rapidly proliferating VSMC, while pre- 
serving normally growing VSMC (see Table III), merits in- 
vestigation in the treatment of this common disorder (Epstein 
et aL, 1991). 

CONCLUSIONS 

By adding a HB domain from HB-EGF in a recombinant 
toxin composed of TGFa fused to mutant forms of PE, we 
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generated two new cytotoxic agents, HB-TP38 and HB- 
TP4EK. The HB domain enables the toxin to bind with high 
affinity to heparin. This characteristic allows the toxin to 
interact with and to be modulated by heparan sulfate proteo- 
glycans of the cell and by exogenous heparin. Our experiments 
show several ways in which this interaction can be exploited; 
HB-TGF toxins often have enhanced cytotoxicity to malig- 
nant cell lines that express low levels of EGFR and might be 
useful in targeting proliferating VSMC. Addition of exogenous 
heparin might decrease the hepatic toxicity of HB-TGFo 
toxins, while preserving cytotoxic activity to malignant cells 
expressing high numbers of EGFRs. Finally, such toxins are 
useful in studying the biology of heparan sulfate proteoglycans 
and may give important insights into the biology and physi- 
ology of heparin-binding growth factors which bind to the 
EGFR. 
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Recombinant Toxins Containing Human Granulocyte-Macrophage Colony- 
Stimulating Factor and Either Pseudomonas Exotoxin or Diphtheria Toxin 

Kill Gastrointestinal Cancer and Leukemia Cells 

By Robert J. Kreitman and Ira Pastan 



The granulocyte-macrophage colony-stimulating factor re- 
ceptor (GM-CSFR) Is a potential target for toxin -directed 
therapy, because it is overexpressed on many leukemias and 
solid tumors and apparently not on stem cells. To investi- 
gate the potential therapeutic use of GM-CSF toxins, we 
fused human GM-CSF to truncated forms of either Pseudo- 
monas exotoxin (PE) or diphtheria toxin (DT) and tested the 
cytotoxicity of the resulting GM-CSF- PE38KDEL and DT388- 
GM-CSF on human gastrointestinal (Gl) carcinomas and leu- 
kemias. Toward gastric and colon cancer cell lines, GM-CSF- 
PE38KDEL was much more cytotoxic than DT388-GM-CSF, 
with IC50S (concentration resulting in 50% inhibition of pro- 
tein synthesis) of 0.5 to 10 ng/mL compared with 4 to 400 
ng/mL, respectively. In contrast, toward leukemia tines and 
fresh bone marrow cells DT388-GM-CSF was more cyto- 
toxic than GM-CSF- PE38KDEL. The cytotoxicity of both GM- 
CSF- PE38KDEL and DT388- GM-CSF toward the human 
cells was specific, because it could be competed by an ex- 

GRANULOCYTE-MACROPHAGE colony-stimulating 
factor (GM-CSF) is a cytokine responsible for the 
growth, differentiation, and functional enhancement of gran- 
ulocytes and macrophages.'" 3 Human GM-CSF is 127 amino 
acids long and binds to hematopoietic cells via high-affinity 
(kd = 10 to 50 pmol/L) receptors composed of a and /? 
subunits. 4 * 8 GM-CSF is used to attenuate the myelosuppres- 
sive effects of chemotherapy in the treatment of not only 
hematologic malignancies but also solid tumors, 9 and it has 
been shown that GM-CSF usually does not stimulate the 
growth of solid tumors. 10 However, like leukemias, 11 solid 
tumors, including renal, lung, breast, and gastrointestinal 
carcinomas, also express GM-CSF receptors (GM-CSFRs), 
at least the low affinity a component (kd - 0.7 to 2 
nmol/L). 12 -' 6 

Recent studies have shown that GM-CSFR is absent on 
the most immature hematopoietic progenitors but increases 
in expression during maturation. 17 This finding suggests that 
the GM-CSFR may be a useful target for recombinant toxins 
or immunotoxins, which contain a cell binding protein linked 
to a protein toxin. Murine GM-CSF has recently been fused 
to truncated diphtheria toxin and the resulting DT 390 mGM- 
CSF was cytotoxic to murine GM-CSFR- bearing cells. 18 A 
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cess of GM-CSF. Binding studies indicated that human GM- 
CSF receptors were present on all of the human Gl and leuke- 
mic cell lines tested, at levels of 540 to 3,700 sites per cell 
(kd = 0.2 to 2 nmol/L), and the number of sites per cell did 
not correlate with the cell type. A similar pattern of cytotox- 
icity was found with recombinant immunotoxins binding to 
the transferrin receptor, in that anti-TFR(Fv)-PE38KDEL was 
much more cytotoxic than DT388-anti-TFR(Fv) toward Gl 
cells, but both were similar in their cytotoxic activity toward 
leukemia cells. The fact that PE is more effective than DT in 
killing Gl but not leukemic tumor cells targeted by GM-CSF 
indicates a fundamental difference in the way PE or DT gains 
access to the cytosol in these cells. GM-CSF-PE38KDEL and 
DT388-GM-CSF deserve further evaluation as possible treat- 
ments for selected tumors. 

This is a US government work. There are no restrictions on 
its use. 

chemical conjugate of human GM-CSF with saporin was 
shown to kill mouse cells transfected with the human recep- 
tor. 19 To determine the utility of GM-CSFR as a means to 
target human hematologic and solid tumors, we fused human 
GM-CSF to truncated forms of Pseudomonas exotoxin (PE) 
or diphtheria toxin (DT). 

PE is a 66-kD protein that, like DT, kills cells by binding 
to a receptor, internalizing via a coated pit, translocating its 
active fragment into the cytosol, and enzymatically ADP- 
ribosylating elongation factor-2. 20 - 21 The x-ray crystallo- 
graphic structure of PE indicates three major domains, and 
mutational analysis has elucidated which domains are re- 
sponsible for the several steps necessary to kill cells. 22 * 23 
Domain la, which is composed of amino acids 1 through 
252, functions to bind the toxin to the PE receptor. Domain 
III (amino acids 400 through 613) contains the enzymatic 
activity that ADP-ribosylates EF2. Domain II (amino acids 
253 through 364) undergoes proteolytic processing and is 
responsible for translocating to the cytosol the 37-kD car- 
boxyl terminus of PE that contains the ADP ribosylating 
activity. DT also undergoes proteolytic processing, 24 but its 
amino terminus contains the ADP-ribosylating activity and 
is translocated to the cytosol. Accordingly, in chimeric DT- 
containing toxins, the ligand replaces the toxin's binding 
domain at the carboxyl terminus. Conversely, in PE-con- 
taining chimeric toxins, the ligand replaces the toxin's bind- 
ing domain at the amino terminus. The truncated form of PE 
used in the present study ends in KDEL, which has been 
shown to improve the cytotoxicity of PE-containing toxins 
and to increase binding of the toxin fragment to the KDEL 
receptor, which probably transports it to the endoplasmic 
reticulum, where it can translocate to the cytosol. 25 " 27 

MATERIALS AND METHODS 

Plasmid construction. The polymerase chain reaction (PCR) was 
performed using a PCR kit from Perkin Elmer Cetus (Norwalk, CT). 
Denaturation temperature was 94°C for 1 minute, annealing was at 
55°C for 2 minutes, and polymerization was at 72°C for 3 minutes, 
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with 10 seconds of extension per cycle. Plasmids were sequenced 
using an Applied Biosystems Taq Dyedeoxy cycle-sequencing kit 
and an automated sequencer (Applied Biosystems, Foster City, CA). 
The cDNA encoding human GM-CSF and containing Nde I and 
///ndlll restriction sites at the ends was obtained from a human 
spleen cDNA library (Clontech, Palo Alto, CA) using primers BK- 
134 (5'-gcc-tgc-agc-cat-atg-gca-ccc-gcc-cgc-tcg-ccc-agc-ccc-3') and 
BK144 (3'-ctg-acg-acc-ctc-ggt-cag-gtc-ctc-att-cga-act-taa-gcc-5'). 
The 0.41-kb Nde I-////idIII fragment was then ligated into the 3.0- 
kb Nde I-A/mdIII fragment of pRKL4. M The resulting plasmid, 
pRKGM2, contained the reported GM-CSF -encoding sequence, 6 
except for mutations of codons 83 (cac—cgc), 86 (cag-»cgg), and 97 
(gca-*gcg). The mutations at codons 83 and 86 were repaired using 
revertant primers that separately amplified codons 1 through 87 and 
79 through 127. Primers for the first amplification were BK-145 
(5'-gga-gat-ata-cat-atg-gca-cca-gca-cga-tcg-cca-agc-cca-agc-acg-cag- 
ccc-t gg-3') and BK-147 (3'-ggg-aac-tgg-tac-tac-cga-tcg-gtg-atg-ttc- 
gtc-gtg-5'). and for the second amplification were BK-146 (5'-atg- 
gct-agc-cac-tac-aag-cag-cac-tgc-cct-cca-acc-3') and BK-148 (3'-ctg- 
acg-acc-ctc-ggt-cat-gtc-ctt-cga-aga-act-taa-5'). The two overlapping 
fragments were used as a template for amplification with BK-145 
and BK-148. The 0.39-kb Nde I-Z/mdlll fragment of the final ampli- 
fication product was then ligated to the 4.5-kb fragment of 
pRKB3F, M resulting in pRKGM9K, which had the correct sequence 
encoding GM-CSF-PE38KDEL. The 0.39-kb Nde \-HindX\\ frag- 
ment from pRKGM9K was then ligated to the 4.2-kb Nde \-Hin&\\\ 
fragment of pVCDTl-IL2, M resulting in pRKDTGM, which encodes 
DT388-GM-CSF. To make HB9K, encoding anti-TFR(Fv)-PE38K- 
DEL, the 0.35-kb Nde 1-BamKl and 0.35-kb BamilU-HindUl frag- 
ments of plasmid pJBDTl -anti-TFR(Fv) 31 were ligated to the 4.1- 
kb Nde I-tfi/idlH fragment of pRK749K." 

Protein expression and purification. The method for expressing 
pRKGM9K, pRKDTGM, pRKHB9K, and pJBDTl -anti-TFR(Fv) 
and purifying the respective recombinant toxins GM-CSF- PE38K- 
DEL, DT388- GM-CSF, anti-TFR(F v)-PE3 8KDEL, and DT388- 
anti-TFR(Fv) differed slightly from the protocol previously re- 
ported." Escherichia coli BL21/XDE3 cells 14 were transformed with 
each plasmid and grown overnight on LB-ampicillin plates. The 
transformed cells were cultured in superbroth containing 5 g/L glu- 
cose, 1.4 mmol/L MgS0 4 , and 100 fig/mL ampicillin. At an OD fiJ0 
of 2 to 3.5, protein synthesis was induced for 90 to 120 minutes 
with 1 mmol/L isopropyl-B-D-thiogalactopyranoside. The harvested 
cell paste was resuspended using a Tissuemizer tip (Thomas, 
Swedesboro, NJ) in TES buffer (50 mmol/L Tris, pH 8, 100 mmol/ 
L NaCl, and 20 mmol/L EDTA) containing 180 fig/mL lysozyme. 
After incubating at 22°C for 1 hour, the cells were resuspended again 
and centrifuged at 27,000^ for 50 minutes. The pellet was washed 
by resuspension and centrifugation three or four times with TES 
buffer containing 2.5% Triton-X-100 and then four times with TES. 
The inclusion bodies were resuspended in 5 to 10 mL of denaturation 
buffer (7 mol/L guanidine:HC1, 0.1 mol/L Tris, pH 8.0, and 5 mmol/ 
L EDTA) by sonication or tissuemizing and diluted to a protein 
concentration of 10 mg/mL. The protein was reduced with dithio- 
erythritol (65 mmol/L) for 4 to 24 hours at 22°C and rapidly diluted 
in a thin stream into refolding buffer (0.1 mol/L Tris, pH 8.0, 0.5 
mol/L arginine:HCl, 2 mmol/L EDTA, and 0.9 mmol/L oxidized 
glutathione). After incubating at 10°C for 36 to 72 hours, the refold- 
ing buffer was either diluted 10-fold with water or dialyzed against 
0.02 mol/L Tris, pH 7.4, 1 mmol/L EDTA, and 0.1 mol/L urea. 
The filtered protein was then purified by Qsepharose and MonoQ 
(Pharmacia, Piscataway, NJ) anion exchange and finally by sizing 
chromatography. The yield of purified active monomelic protein was 
7.5% to 10% of total denatured recombinant protein. 

Cytotoxicity assay. N87 gastric carcinoma cells were obtained 
from Dr R. King (Georgetown University, Washington, DC), 33 HUT- 



102 adult T-cell leukemia (ATL) cells were obtained from Dr T, 
Waldmann (National Institutes of Health), and the other cell lines 
were available from ATCC (Rockville, MD). A total of 1.5 X 10 4 
cells/well were plated in 96-well plates; 24 hours later, toxin or 
control molecules were added and incubated for 48 hours in final 
volumes of 200 fih. The cells were pulsed for 4 to 6 hours with 
[ 3 H]-leucine 1 /xCi/well, harvested, and counted. Bone marrow mo- 
nonuclear cells were obtained from a patient with lymphocytic leuke- 
mia and from a normal donor for allogeneic bone marrow trans- 
plantation by Ficoll centrifugation, as described. 36 The marrow 
mononuclear cells (0.4 to 1 X lOVwell) were incubated for 60 hours 
with toxin or control molecules in 100-AtL aliquots of media con- 
sisting of 88% leucine-free RPMI, 2% RPMI, and 10% fetal bovine 
serum. The cells were then pulsed for 6 to 8 hours with [ 3 H]-leucine 
at 2 /iCi/well, harvested, and counted The IC M was the concentration 
of toxin required for 50% protein synthesis inhibition. 

Binding assay. Clinical grade GM-CSF was purchased from Im- 
munex (Seattle, WA) and desalted on a PD-10 column (Pharmacia, 
Piscataway, NJ), equilibrated, and eluted with phosphate-buffered 
saline (PBS). Na 125 I (1 mCi; Amersham, Arlington Heights, IL) 
was added to a 100 /iL volume of PBS containing GM-CSF (50 
/ig), sodium phosphate, pH 7.5 (150 mmol/L), and chloramine T (3.3 
fig). After incubating for 2 minutes at 22°C, sodium metabisulfite 
(83 fig) was added and the [ t25 I]-GM-CSF purified on a PD-10 
(Pharmacia) column equilibrated and eluted with 0.2% human serum 
albumin in PBS. HB21 (also termed anti-TFR-IgG), the monoclonal 
antibody to the transferrin receptor, 37 was labeled the same way 
except using 75 fig of anti-TFR-IgG and 10 fig of chloramine T. 
To determine the number of GM-CSFR sites per cell, cells were 
incubated in 96-well U-bottom plates in binding buffer (RPMI con- 
taining 0.1% bovine serum albumin and 0.2% NaN 3 ) containing 
increasing concentrations of [ ,25 I]-GM-CSF with or without a 100- 
fold excess of unlabeled GM-CSF. After 30 minutes at 37°C, the 
cells were centrifuged and washed once with binding buffer and 
then counted. This method was easier and more reproducible than 
centrifuging the cells through n-butyl phthalate and counting the cell 
pellets. To determine the binding affinity of unlabeled toxins relative 
to that of GM-CSF, U937 cells (4.8 x lOVwell) were plated in U- 
bottom 96-well plates in binding buffer and incubated with 1 .2 nmol/ 
L [ ,25 I]-GM-CSF with and without different concentrations of re- 




GM-CSF-PE38KDEL 



DT383-GM-CSF 



Ant l-TF R(Fv)-PE38KDEL 



DT388-AntKTFR(Fv) 



Fig 1. Schematic diagram of the recombinant toxins used. GM- 
CSF-PE38KDEL encoded by pRKGM9K, contains the 127 amino acids 
of human GM-CSF followed by amino acids 253 through 364 and 381 
through 608 of PE and then the sequence KOEL. DT388-GM-CSF, 
encoded by pRKDTGM, contains the first 388 amino acids of DT fol- 
lowed by human GM-CSF. Anti-TFR(FvJ-PE38KDEL and DT388-anti- 
TFR(Fv), encoded by pRKHBSX and pJBDTl -anti-TFR(Fv), respec- 
tively, contain the same toxin domains as the respective GM-CSF 
toxins, but the ligand is the single-chain Fv of an ant (transferrin re- 
ceptor antibody- 
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Table 1, Cytotoxicity of Recombinant Toxins Containing 

Human GM-CSF 



Cell Line 


Cell Type 




ICto (ng/mU 


± SD 




GM-CSF- 


PE38KDEL 


DT388- 


-GM-CSF 


LS174T 


Colon 


2.2 


± 0.7 


70 


± 18 


SW403 


Colon 


0.9 


± 0.5 


15 


± 0.6 


N87 


Gastric 


0.45 


± 0.2 


3.7 


± 0.1 


HTB-103 


Gastric 


9.5 


± 7.5 


400 


± 300 


HL60 


Promyelocytic 


> 


100 


0.4 


± 0.2 


TF-1 


Erythroleukemia 


22 


± 8 


0.02 


± 0.01 


U937 


Monocytic 


9.5 


± 5.5 


0.04 


± 0.02 



Cells were plated in 96-well plates at 1.5 x lOVwell and incubated 
at 37°C for 24 hours. The cells were then incubated with recombinant 
toxins for 24 to 48 hours and l 3 H]-teucine for 4 to 6 hours. 



combinant toxins. The relative binding affinity of the immunotoxins 
containing anti-TFR(Fv) was determined similarly using HUT-102 
cells (8 x lOVwell) and 0.1 nmol/L [ 125 I]— anti-TFR-IgG. 

RESULTS 

The fact that GM-CSFR is overexpressed on solid tumors 
and leukemia cells but is undetectable on the earliest hemato- 
poietic progenitor cells 11 ' 17 makes the GM-CSFR a potential 
target molecule. To determine whether GM-CSF can direct 
bacterial toxins to kill GM-CSF -expressing tumor cells, we 
fused GM-CSF to truncated forms of PE or DT and tested 
the resulting fusion toxins for cytotoxicity and binding. 

Preparation of recombinant GM-CSF toxins. Figure 1 
shows schematic diagrams of GM-CSF-PE38KDEL and 
DT3 88 -GM-CSF. As confirmed by the DNA sequence anal- 
ysis, the first molecule contains the 127 amino acid human 
GM-CSF ligand at the amino terminus of the truncated toxin, 



which consists of amino acids 253 through 364 and 381 
through 608 of PE, followed by the KDEL carboxyl termi- 
nus. DT3 8 8 - GM-CSF contains the first 388 amino acids of 
DT followed by human GM-CSF. GM-CSF was placed at 
the amino terminus of truncated PE and at the carboxyl 
terminus of truncated DT to replace the binding domains 
that are normally present in those positions and because a 
free carboxyl terminus of PE and a free amino terminus of 
DT is necessary for cytotoxicity. 30,38 To properly fold the 
recombinant toxins, each of which contains 6 cysteine resi- 
dues, the insoluble inclusion body protein was denatured, 
reduced, and refolded in a redox buffer as described in Mate- 
rials and Methods. Each protein could be purified to near 
homogeneity by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (gel not shown) in a yield of 10% of the total 
recombinant protein renatured. The purified recombinant 
toxins were then tested for cytotoxicity and binding. 

Cytotoxicity of GM-CSF toxins. To determine the sensi- 
tivity of leukemia and GI carcinomas to GM-CSF toxins, 
the cells were incubated with recombinant toxins and [ 3 H]- 
leucine incorporation was measured. The IC so s, the concen- 
trations of toxin necessary for 50% inhibition of protein 
synthesis, are listed in Table 1. For GM-CSF -PE38KDEL, 
the IC 50 s on GI carcinomas ranged from 0.45 ng/mL on N87 
to 9.5 ng/mL on HTB-103 cells. Leukemia cells were less 
sensitive to GM-CSF -PE38KDEL, with IC 50 s ranging from 
9.5 ng/mL on U937 monocytic leukemia cells to greater 
than 100 ng/mL on HL60 promyelocytic leukemia cells. In 
contrast, DT388 -GM-CSF was much more cytotoxic to leu- 
kemia cells than to GI carcinomas, with IC 50 s ranging from 
0.02 ng/mL to 0.4 ng/mL on the leukemia lines compared 
with 3.7 ng/mL to 400 ng/mL on the GI carcinoma lines. 
Thus, GM-CSF- PE38KDEL was much more cytotoxic than 
DT388-GM-CSF on the GI carcinoma lines, whereas the 
reverse was true on the leukemia lines. 
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Fig 2. Cytotoxicity and specificity of GM-CSF tox- 
ins on target cells. The colon lines SW403 (A) and 
LS174T (B) were incubated with GM-CSF-PE38KDEL 
and DT388- GM-CSF was incubated with the leuke- 
mia lines HL60 (C) and U937 (D) in the presence (•, 
▲) or absence (O, A) of 5 /xg/mL of GM-CSF. The 
cells were pulsed with ['HMeucine and harvested, 
and the leucine incorporation was determined. 
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Fig 3. Scatchard plots of [ 1I6 I]-GM-CSF binding 
to target cells. In tA), N87 cells (1.3 x 10 5 /200 gtU 
well) were incubated with 0.15, 0.3, 0.6, 1.2, 2.4, and 
4.8 nmol/L I 1W I]-GM-CSF (5.7 fid/fig) in RPMI con- 
taining 0.1% bovine serum albumin and 0.2% NaNj 
for 30 minutes, washed, and counted. HL60 cells (B) 
were assayed similarly at 2.2 x 10*/ well. 
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Cytotoxic specificity of the recombinant toxins containing 
GM-CSF. To determine whether the cytotoxicity of the 
recombinant GM-CSF toxins was specific in requiring inter- 
nalization through the GM-CSF receptor, cytotoxicity exper- 
iments were performed where the binding of the chimeric 
toxins was competed by an excess of GM-CSF (2.5 to 5 
/ig/mL). Figure 2 shows representative cytotoxicity curves 
for GM-CSF-PE3 8KDEL and DT388-GM-CSF in the 
presence and absence of an excess of GM-CSF. It was found 
that an excess of GM-CSF prevented the cytotoxic activity 
of both recombinant toxins, indicating that their cytotoxic 
activity required binding to the GM-CSF receptor. Such 
specificity was also shown by GM-CSF-PE38KDEL for 
N87, HTB-103, TF-1, and U937 cells and by DT388-GM- 
CSF for TF-1, LS174T, and SW403 cells (data not shown). 
To determine whether the cytotoxicity of the GM-CSF toxins 
was only due to their binding to the GM-CSFR and did 
not require the action of the toxin domains, the cells were 
incubated with and without 5 /zg/mL of GM-CSF. In Fig 

2, the points on the y-axis of each curve, where the toxin 
concentration equals 0, show the leucine incorporation in 
cells with and without 5 j/g/mL of GM-CSF. In none of the 
seven cell lines did GM-CSF alone result in greater than 
50% inhibition of protein synthesis. Thus, the cytotoxicity of 
GM-CSF-PE38KDEL and DT388-GM-CSF required both 
binding to the GM-CSFR and also internalization and action 
of the toxin domains. Interestingly, the leukemic cell lines 
HL60 (Fig 2C) and TF-1 (data not shown) showed significant 
(but <twofold) stimulation with 5 /xg/mL of GM-CSF in the 
absence of toxin, but the solid tumors showed no significant 
stimulatory response to GM-CSF. 

Quantitation of GM-CSFR on the target cells. The num- 
ber of GM-CSFR sites per cell were quantitated by radiola- 
beled binding assay using [ ,23 I]-GM-CSF on the cell lines to 
determine whether cytotoxic activity correlated with receptor 
expression. Representative Scatchard plots are shown in Fig 

3. The binding assay was designed to determine the number 
of low-affinity sites, which outnumber the small number of 
high-affinity sites. 4 * 8 As shown in Table 2, the number of 
GM-CSFR sites per cell varied somewhat from assay to 
assay, but the average values varied from 500 sites per cell 
for HTB-103 gastric cells to 3,700 sites per cell for TF-1 
cells. The kds for the seven cell lines ranged from 0.2 to 1.9 
nmol/L, consistent with low-affinity binding sites. Together 
with the cytotoxicity data from Table 1 , it can be seen that 



cytotoxicity did correlate with the number of GM-CSFR 
sites per cell when examining one type of cell at a time. For 
example, for either toxin toward the GI carcinoma lines, 
SW403 and N87 were more sensitive than LS174T and HTB- 
103 was least sensitive, matching the order of their GM- 
CSFR expression. Also, of the three leukemia lines, HL60 
had the least numbers of sites per cell and was less sensitive 
to either toxin than were TF-1 or U937 cells. However, GM- 
CSF-PE38KDEL was more cytotoxic toward the GI lines 
than the leukemia lines, and DT3 88 -GM-CSF was more 
cytotoxic toward the leukemia lines than the GI lines. Thus, 
for both recombinant toxins the difference in their cytotoxic 
activity toward leukemia and solid tumor cells was likely 
due to fundamental differences between these cell types un- 
related to the numbers of receptors expressed. 

Sensitivity of fresh bone marrow cells to GM-CSF toxins. 
To determine if the data on cell lines from patients with 
leukemia and GI cancer would apply to fresh human hemato- 
poietic cells, bone marrow mononuclear cells from two do- 
nors were partially purified by Ficoll centrifugation and incu- 
bated with the recombinant toxins. The first sample was 
taken from normal marrow and the second from a patient 
whose marrow contained normal hematopoietic progenitor 
cells and was 50% involved with a B-cell small-cell 
lymphoma. As shown in Table 3, the marrow mononuclear 
cells were much more sensitive to DT388 -GM-CSF com- 
pared with GM-CSF -PE38KDEL. In the normal marrow 
sample, the IC 50 for DT3 88 -GM-CSF was 2.1 ng/mL, 
compared with greater than 1 ,000 ng/mL for GM-CSF- 



Table 2. 


Expression of GM-CSFR 


on Human Cells 


Call Line 


Sites/Cell 


kd (nmol/L) 


LS174T 


900 ± 700 


1.7 ± 1 


SW403 


3,050 ± 900 


1.6 ± 0.5 


N87 


2,400 ± 1,200 


0.9 ± 0.7 


HTB-103 


500 i 200 


0.4 ± 0.4 


HL60 


540 ± 50 


0.2 ± 0.01 


TF-1 


3,700 ± 1,500 


0.5 i 0.05 


U937 


3,500 ± 350 


1.9 ± 0.2 



Cells were incubated at 37"C for 30 minutes with l m U-GM-CSF with 
or without a 1O0-fold excess of GM-CSF in RPMI media containing 1 
mg/mL bovine serum albumin and 0.2% NaN*. Unbound GM-CSF 
was removed from the cells either by centrifuging through n-butyl 
phthalate or by centrifuging and washing the cells with binding buffer. 
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Table 3. Sensitivity of Fresh Hematopoietic Cells to Recombinant 

GM-CSF Toxins 



Sample 


IC50 tng/mL) 
GM-CSF- PE38KDEL DT388-GM-CSF 


Normal bone marrow 


> 1,000 


2.1 


Marrow in lymphoma patient 


>100 


0.9 


Normal peripheral lymphocytes 


> 1,000 


> 1,000 


Peripheral blood B leukemia 


> 1,000 


> 1,000 



Samples consisted of mononuclear ceils obtained by Ficoll centrifu- 
gation and were incubated with recombinant toxins for 60 hours fol- 
lowed by I 3 H]-leucine for 4 to 6 hours. 



Table 4. Sensitivity of Colon and Leukemia Lines to Recombinant 



Immunotoxtns Binding to the Human Transferrin Receptor 







ICco (ng/mU 


± SD 






Anti-TFR(Fv)- 


DT388-Anti- 


Cell Line 


Cell Type 


PE38KDEL 


TFR(Fv) 


LS17.4T 


Colon 


0.008 ± 0.003 


0.4 ± 0.05 


SW403 


Colon 


0.02 ± 0.007 


0.7 ± 0.3 


N87 


Gastric 


0.003 ± 0.0004 


0.2 * 0.07 


HTB-103 


Gastric 


0.002 ± 0.0006 


0.2 ± 0.06 


HL60 


Promyelocytic 


0.4 ± 0.15 


0.2 * 0.015 


TF-1 


Erythro leukemia 


0.018 ± 0.006 


0.13 ± 0.1 


U937 


Monocytic 


0.1 * 0.09 


0.13 ± 0.08 



PE38KDEL. The results were similar in the marrow contami- 
nated with malignant B cells, with an IC 50 of 0.9 ng/mL for 
DT388-GM-CSF and greater than 100 ng/mL for GM- 
CSF-PE38KDEL. Although these marrow samples con- 
tained differentiated cells, the cytotoxicity of DT388-GM- 
CSF appeared directed toward the hematopoietic progenitor 
cells, because fresh normal or malignant lymphocytes iso- 
lated from the peripheral blood were resistant (Table 3). To 
determine whether the cytotoxic activity of GM-CSF toxin 
towards the marrow cells was specific in requiring binding to 
the GM-CSFR, we simultaneously tested recombinant toxin 
containing PE38KDEL or DT388 but not GM-CSF. As 
shown in Fig 4A, PE38KDEL alone 39 or DT388-IL2 30 
showed no cytotoxic activity toward the normal marrow 
cells, and PE38KDEL was significantly less cytotoxic than 
GM-CSF -PE38KDEL. Thus, the cytotoxic activity of the 
recombinant toxins containing GM-CSF was not due to non- 
specific internalization into the fresh marrow cells. As shown 
by the Y-axis of Fig 4B, in the absence of toxin, 20 ng/mL 
of GM-CSF resulted in a 25% increase in protein synthesis, 
indicating that the cytotoxic activity of the GM-CSF toxin 
was not only due to their binding to the GM-CSFR on the 
cells but also required action of the bacterial toxins after 
internalization. Finally, Fig 4B shows that the cytotoxic ac- 
tivity of DT388 -GM-CSF could be competed by 20 ng/mL 
of GM-CSF, confirming that its cytotoxic activity required 
binding to the GM-CSFR on the fresh human hematopoietic 
progenitor cells. 

Sensitivity of GI and leukemia cells to toxins carrying 
another ligand. To determine whether the difference in 
sensitivity of GI and leukemia cells to recombinant toxins 



was due to differences in the way the cells handle the GM- 
CSFR or due to differences between these cells that are 
unrelated to the GM-CSFR, they were incubated with recom- 
binant toxins containing a different ligand. The ligand chosen 
was anti-TFR(Fv), which binds to the human transferrin re- 
ceptor. 31 As shown in Fig 1, anti-TFR(Fv)-PE3 8KDEL 
contains the exact same toxin domains as GM-CSF- 
PE38KDEL, and DT3 8 8 — anti-TFR(Fv) contains the exact 
same toxin domains as DT388-GM-CSF. Table 4 lists the 
ICsoS of these two recombinant immunotoxins toward the GI 
and leukemia cell lines. It can be seen that anti-TFR(Fv)- 
PE38KDEL was usually much more cytotoxic to the GI cell 
lines than the leukemia cell lines, with differences being 
as great as 200-fold. In contrast, DT3 88 - anti-TFR(Fv) was 
usually more cytotoxic to the leukemia cells than to the GI 
carcinoma cells, with the differences being less than 10-fold. 
Thus, regardless of the targeting ligand, GI carcinomas were 
more sensitive than leukemias to PE38KDEL, and leukemias 
were more sensitive than GI carcinomas to DT388. 

Assessment of the relative affinities of the recombinant 
toxins. To compare the cytotoxic activities of GM-CSF - 
PE38KDEL or anti-TFR(Fv)-PE38KDEL with those of 
DT3 8 8 - GM-CSF and DT388-anti-TFR(Fv), respectively, 
one must take into consideration quantitative differences in 
the binding of the ligands, depending on whether the ligand 
is located at the amino or carboxyl terminus of the toxin. 
To determine the relative binding affinity of the recombinant 
toxins, they were tested for their ability to displace radiola- 
beled ligand. In Fig 5A, the amount of [ ,25 I]-GM-CSF 
bound to U937 cells is shown as a function of increasing 
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Fig 4. Cyotoxicrty of recombinant toxins towards 
normal bone marrow cells. Normal marrow mononu- 
clear cells (lOVO.I mL well) were incubated with 
DT388- GM-CSF (A) or GM-CSF- PE38KDEL (O) for 
60 hours and pulsed with l'H]-leucine. In (A), the cells 
were incubated In parallel with the negative control 
molecules PE38KDEL (•) or DT388-IL2 (A). In (B), the 
cells were also Incubated with DT388 -GM-CSF (■) 
or GM-CSF- PE38KDEL (□) in the presence of 20 
ng/mL of GM-CSF. 
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Fig 5. Displacement analysis of recombinant tox- 
ins. In 1A), U937 cells (4.5 x 10*/ well) were Incubated 
with l 1IB ll-GM-CSF and the indicated concentrations 
of GM-CSF (■>, GM-CSF- PE38KDEL (Oh or DT3S8- 
GM-CSF (A). In IB), HUT-102 cells (8 x 10Vwell) were 
incubated with [ 12B I]— anti-TFR-IgG and the indi- 
cated concentrations of anti-TFR-IgG (■), ant!- 
TFR( Fv) - PE38 KDEL (Oh or DT388-anti-TFR(Fv) U>. 
The cells were harvested and counted as in Fig 3. 
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concentrations of either GM-CSF, GM-CSF -PE38KDEL, 
or DT388- GM-CSF. The EC 50 , the concentration necessary 
for 50% competition of [ ,25 I]-GM-CSF binding, was 3.9 
nmol/L for GM-CSF, 41 nmol/L for GM-CSF-PE38KDEL, 
and 50 nmol/L for DT388-GM-CSF. In Fig 5B, the amount 
of [>«i]_anti-TFR-IgG binding to HUT-102 cells is shown 
as a function of increasing concentrations of either anti- 
TFR-IgG, anti-TFR(Fv)- PE3 8KDEL, or DT388-anti- 
TFR(Fv). The EC 50 was 13 nmol/L for anti-TFR-IgG, 12 
nmol/L for anti-TFR(Fv)- PE3 8KDEL, and 29 nmol/L for 
DT388-anti-TFR(Fv). Table 5 was then constructed to dis- 
play the IC 50 s for the recombinant toxins corrected for bind- 
ing affinity. Lower values of IC 3 o/EC$ 0 would indicate more 
efficient killing of cells due to processes occurring after 
binding. Table 5 indicates that the IC50/EC50 ratios of GM- 
CSF-PE38KDEL are much less than those of DT3 88 -GM- 
CSF toward GI carcinomas, whereas the reverse was true for 
leukemias. Similarly, the IC 50 /EC 50 ratios of anti-TFR(Fv)- 
PE38KDEL are much less than those of DT388-anti- 
TFR(Fv) toward Gl carcinomas, but not toward leukemias. 
Thus, regardless of the targeting ligand, PE38KDEL was 
more cytotoxic toward solid tumors and DT388 was more 
cytotoxic toward leukemias due to processes in those cells 
that occur after receptor binding. 

DISCUSSION 

To determine the sensitivity of solid tumors and leukemias 
to recombinant toxins containing GM-CSF, we tested the 
sensitivity of such cell lines to GM-CSF-PE38KDEL and 



Table 5. Cytotoxicity of Recombinant Toxins Corrected 

for Binding Affinity 



ICw (pmol/U/ECao (nmol/L) 





GM-CSF- 


0T388- 


Anti-TFR(Fv)- 


DT388- 


Cell Line 


PE 38 KDEL 


GM-CSF 


PE38KDEL 


Anti-TFR(Fv) 


LS174T 


1 


25 


0.003 


0.2 


SW403 


0.4 


5 


0.007 


0.35 


N87 


0.2 


1.3 


0.001 


0.1 


HTB-103 


4 


140 


0.0007 


0.1 


HL60 


>45 


0.14 


0.14 


0.1 


TF-1 


10 


0.007 


0.006 


0.07 


U937 


4 


0.014 


0.035 


0.07 



liter and divided by the ECw as shown in Fig 5. 



DT388-GM-CSF. We found that, although both recombi- 
nant toxins were specifically cytotoxic to both types of cells, 
solid tumor cells were more sensitive to GM-CSF- PE38K- 
DEL and leukemia cells were more sensitive to DT388-GM- 
CSF. This was not a phenomenon peculiar to cell lines, 
because fresh human marrow progenitor cells behaved simi- 
lar to the leukemia lines. Based on a similar pattern of cyto- 
toxicity using the same toxins targeted to the transferrin 
receptor, it appears that these differences are due to inherent 
differences between solid tumors and leukemias in the way 
by which they handle the toxins intracellularly. 

It is believed that cytotoxicity by PE requires proteolytic 
processing by Furin between amino acids 279 and 280 and 
that the carboxy terminal fragment is transported by the 
KDEL receptor from at least the transreticular Golgi toward 
the endoplasmic reticulum, from which it translocates to the 
cytosol. 25 * 3M0 ' 41 DT is also cleaved by Furin between arginine 
1 93 and serine 1 94, and arginine 1 93 at the carboxy 1 terminus 
of the DT fragment A is necessary for translocation. 24 * 
However, this fragment is thought to translocate from the 
endosome to the cytosol via membrane insertion and passage 
through ion-conductive channels. 42 " 44 Because both PE and 
DT are processed by the same enzyme, both toxins ultimately 
ADP ribosylate EF2 in the cytosol, and in both PE38KDEL 
and DT388 ADP ribosylation activity is not altered by the 
ligand to which the toxin is fused (data not shown). Thus, the 
difference in activity between GM-CSF-PE38KDEL and 
DT388-GM-CSF would not be due to differences in ADP- 
ribosylation activity. We therefore speculate from our data 
that leukemic cells differ from GI carcinoma cells in the 
intracellular transport or translocation of protein molecules. 
For example, in leukemic cells, a protein molecule may have 
a higher chance of entering the cytosol if it can translocate 
directly from the endosome than if it must be transported 
intracellularly. Conversely, in solid tumors, proteins may not 
easily translocate from endosomes and may require transport 
to an organelle such as the endoplasmic reticulum that has 
preexisting pores. It is also possible that leukemic and solid 
tumor cells differ in the function and location of lysosomes, 
which may degrade toxin molecules before they reach the 
cytosol. So far, our data with cell lines are consistent with 
that on fresh cells from patients with GM-CSFR + leukemia 
(Rozemuller et al, manuscript submitted). Because one mole- 
cule of DT 45 or PE (Willingham and Pastan, unpublished 
data) in the cytosol appears sufficient to kill a cell, it is very 
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important to identify and attempt to overcome these potential 
impediments to translocation. 

We have shown that human GM-CSF can be used to 
target truncated forms of either PE or DT to inhibit protein 
synthesis in receptor-bearing solid or hematopoietic tumor 
cells. Further development of these agents for the treatment 
of human tumors should include monkey toxicology studies, 
because murine GM-CSFR does not bind human GM-CSF. 46 
Such studies could determine whether cytotoxicity toward 
GM-CSFR + normal cells spares stem cells and, if so, whether 
hematopoietic toxicity is low enough to allow the delivery 
of high doses. If so, such agents could prove useful clinically 
in the purging of bone marrow or stem cell autografts before 
transplantation or in the direct systemic treatment of human 
leukemia and solid tumors. 
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Recombinant RFB4 Immunotoxins Exhibit Potent Cytotoxic Activity for 

CD22-Bearing Cells and Tumors 

By Elizabeth Mansfield, Peter Amlot, Ira Pasta n, and David J. FitzGerald 



Many B-cell malignancies express the CD22 antigen on thefr 
cell surface. To kill cells expressing this antigen, the RFB4 
monoclonal antibody (MoAb) has been linked chemically 
with either deglycosylated ricin A chain or truncated ver- 
sions of Pseudomonas exotoxin. These immunotoxins ex- 
hibited selective cytotoxic activity for CD22 + cells and antitu- 
mor activity in nude mouse models bearing human B-cell 
lymphomas. To construct a recombinant immunotoxin tar- 
geted to CD22, we first cloned the variable portions of the 
heavy and light chains of RFB4. The cloned Fv fragments 
were joined by a newly created disulfide bond to form a 
disulfide stabilized (ds) construct. The RFB4 construct was 
combined by gene fusion with PE38, a truncated version of 
PE. The recombinant immunotoxin was then expressed in 

LEUKEMIAS AND LYMPHOMAS are attractive targets 
J for treatment with immunotoxins. The response of pa- 
tients with B-cell malignancies has been extensively investi- 
gated in phase 1/11 clinical trials of immunotoxin activity. 1 * 4 
To date, some antitumor responses have been noted but im- 
munotoxin-mediated toxicity to normal tissue often pre- 
vented dose escalations to therapeutic levels. Several B-cell— 
specific antigens such as CD 19, CD22, and CD40 have been 
targeted by immunotoxins made with plant toxins such as 
ricin A-chain and bacterial toxins, such as Pseudomonas 
exotoxin A (PE). 5 " 7 

CD22, a lineage-restricted B-cell antigen that belongs to 
the Ig superfamily, is expressed on the surface of many types 
of malignant B cells, including chronic B-lymphocytic cells 
(B-CLL), B lymphoma cells such as Burkitt's lymphomas, 
and hairy cell leukemias, as well as on normal mature B 
lymphocytes. CD22 is not present on the cell surface in the 
early stages of B-cell development and is not expressed on 
stem cells. 8 Additionally, no shed antigen can be detected 
in normal human serum or serum from patients with CLL. 9 
RFB4 IgG is an anti-CD22 monoclonal antibody that has 
been chemically conjugated to both ricin and Pseudomonas 
exotoxin A (PE) and has shown excellent activity against B 
cells both in vitro and in vivo. 6,10 " RFB4 is highly specific 
for cells of the B lineage and has no detectable cross-reactiv- 
ity with any other normal cell type. 9 RFB4 IgG has pre- 
viously been covalently coupled to both ricin A-chain and 
a truncated form of PE called PE35. 6,11 These conjugate 
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Escherichia coti, purified by column chromatography and 
tested for cytotoxicity activity. RFB4(dsFv)PE38 retained its 
binding activity for CD22, was very stable at 37°C and exhib- 
ited selective cytotoxic activity for CD22+-curtured cell lines. 
Because of its favorable binding characteristics and potency 
for CD22-posftive cell lines, RFB4(dsFv)PE38 was tested for 
antitumor activity In a nude mouse model of human 
lymphoma. CA46 cells were injected subcutaneously and 
then treated with the RFB4(dsFv)PE38 immunotoxin. Antitu- 
mor activity was dose responsive and was not evident when 
an irrelevant immunotoxin was administered on the same 
schedule. 

This is a US government work. There are no restrictions on 
its use. 

molecules were effective against experimental lymphoma 
xenograft models, and in the clinical setting, the ricin-based 
immunotoxin also has shown some efficacy against human 
disease. 1,2 

While chemical conjugates are frequently very stable and 
potent, they are relatively large and often heterogeneous at 
their linkage sites, which may result in suboptimal activ- 
ity. 12,13 The requirements for making large quantities of IgG 
and chemical conjugation also put some limitations on the 
ability to manufacture the drug. Because the ability to pene- 
trate tumors is inversely related to the size of the penetrating 
molecule, the large size of whole antibody-toxin conjugates 
may impair their ability to penetrate tumor masses such as 
those found in lymphomas. 13 

A number of antibody Fv fragments have recently been 
cloned and genetically fused to PE derivatives such as PE40, 
PE38, and PE35. 14 The recombinant molecules produced 
from these constructs are one third the size of IgG-toxin 
chemical conjugates and are homogeneous in composition. 
A reduction in size is predicted to improve drug penetration 
in solid tumors, while elimination of the constant portion of 
the IgG molecule results in faster clearance from the circula- 
tion of experimental animals and patients. Together, these 
properties may lessen side effects by reducing the time in 
which the immunotoxin can interact with nontarget tissues 
and tissues that express very low levels of antigen. Finally 
homogeneous preparations of recombinant immunotoxins 
can easily be produced in large quantities. 

To take advantage of the benefits of recombinant immuno- 
toxin technology, we have cloned the variable light and 
heavy chains of RFB4 IgG and expressed them as a disulfide- 
Iinked (ds) Fv fusion with PE38. In disulfide-linked immuno- 
toxins, cysteine replaces a single amino acid in each chain, 
whose location is chosen using predictions from structural 
models. Here we describe the cloning, mutagenesis, and ex- 
pression of RFB4(dsFv)PE38, and characterize its antigen 
binding, cytotoxicity and antitumor activity properties. 

MATERIALS AND METHODS 

Cell lines. HUT102 cells were a gift from T. Waldmann (NCI) 
and CA46 and JD38 lines were from I. McGrath (NIH). Daudi, Raji, 
and Namalwa cells were purchased from ATCC, Rockville, MD. 

Cloning. The RFB4 IgG-producing hybridoma was from the 
Royal Free Hospital School of Medicine, University of London. 



2020 



Blood, Vol 90, No 5 (September 1), 1997: pp 2020-2026 



RECOMBINANT RFB4 IMMUNOTOXINS 



2021 



Table 1. PCR Primers 



Heavy chain primers 




RFB4 VH5 


GGACCTCATATGGAAGTGCAGCTGGTGGAGTCT 


yCHI 


AGCAGATCCAGGGGCCAGTGGATA 


RFB4 VH3 


A GA TCCGCCA CCA CCG GA 7CCGCCTCCGCCTGCAG AG AC AGTG ACCAG AGTCCC 


RFB4 VH3 dsFv 


CC G G AA GCTTTTGCAG AG AC AGTG ACC 


RFB4 VH 




dsFv(cys) 


G ACCCACTCCAG G CACTTCTCCG G AGTC 


Light chain primers 




RFB4 VL5 


G G TGGCG GA TCTGGA GGTGGCGGAA GCG ATATCC AG ATG ACACAG ACT 


C-k 


TG GTGGG AAGATGG ATACAGTTGG 


RFB4 VL3 


CCGGAAGC77TGATTTCCAGCTTGG 


RFB4 VLB dsFv 


GG ACCTC ATA TGG ATATCCAG ATG ACCC 


RFB4 VL3 dsFv 


CCG GAA 7TCATTATTTG ATTTCCAGCTTGGTG CCG C AACCG AACGTCC 



Primers are given 5' to 3'. Primers yCHI and C-k were designed as described." RFB4 VH5 and RFB4 VL5 were designed according to the N- 
terminaf protein sequences determined by Edman degradation. RFB4 VH5 encodes an Nde I site (bold) and an initiator Met (bold italicized). 
RFB4 VL3 encodes a H/ndlll site (italicized). Primers RFB4 VH3 and RFB4 VL3 were designed according to the nucleotide sequence determined 
from cDNA clones. Primers RFB4 VH3 and RFB4 VL5 include partial Gly 4 Ser linker sequences which partially overlap (underlined italicized). 
Primer RFB4 VL3 dsFv mutates V L Gly 10 o residue to Cys (underlined), includes a terminator codon (bold) and an EcoRI site (italicized). Primer 
RFB4 VH dsFv(cys) mutates V H Arg 44 to Cys (underlined). RFB4 VH3 dsFv includes an additional Lys codon and a H/ndlll site (italicized). RFB4 
VLB dsFv includes an Nde I (bold) and an initiator Met (bold italicized). 



Purified RFB4 IgG was provided by E. Vitteta, UTSMC, Dallas, 
TX. RFB4 IgG was reduced with 10 mmol/L dithiothreitol (DTT) 
and light and heavy chains were separated on 4% to 20% sodium 
dodccyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 
Novex, San Diego, CA) and blotted onto a PVDF membrane. Light 
and heavy chain bands were cut from the membrane and subjected 
to N-terminal sequence analysis. DNA fragments encoding the light 
and heavy chains were prepared by polymerase chain reaction (PCR) 
amplification as described' 5 except using total RNA and RFB4-spe- 
cific 5' primers RFB4 VH5 and RFB4 VL5, which were designed 
from N-terminal protein sequence data. The sequences of all primers 
used in cloning are listed in Table 1. PCR products were cloned 
into the PCR cloning vector (Invitrogen, San Diego, CA) and se- 
quenced using Sequenase (US Biochemical Corp, Cleveland, OH) 
reagents and protocols. To make RFB4(dsFv)PE38, V L was ampli- 
fied using a 5' primer, RFB4 VL5 dsFv, introducing an Nde 1 site, 
and a 3' primer, RFB4 VL3 dsFv, introducing an £coRI site and 
mutating glycine residue 100 to cysteine. V H was amplified using 
RFB4 VH5 and RFB4 VH3 dsFv, which introduces a //mdlll site 
and a lysine residue at the C-terminus of V H . PCR products were 
digested with Nde I and either HindUl (V H ) or EcoRI (V L ) and were 
used to replace V H -lmker-V L of pUL17 (V„) or to replace the entire 
V H -linker- V L -PE38 (V L ). V„-PE38 was mutagenized to change 
Arg44 to Cys using the Muta-Gene site-directed mutagenesis kit 
and protocol (Bio-Rad, Hercules, CA) and a phosphorylated primer, 
VHdsFv(cys). Clones that had incorporated the Cys44 mutation were 
identified by DNA sequencing. 

Expression and purification of recombinant clones. Expression 
plasmids encoding RFB4 V H -PE38 and RFB4 V L were separately 
expressed in Escherichia coli BL21(XDE3).' 6 Disulfide-l inked 
immunotoxins were produced by refolding of purified in- 
clusion body protein generally as described.' 7 Briefly, inclusion bod- 
ies were prepared from cell paste by lysis and washing in nonionic 
detergent, then solubilized in 6 mol/L guanidine-HCl, 0.1 mol/L 
Tris, pH 8, 2 mmol/L EDTA. Solubilized protein at 10 mg/mL was 
reduced with 10 mg/mL dithioerythritol (DTT) (65 mmol/L), then 
rapidly diluted into 100 vol 0.1 mol/L Tris, 0.5 mol/L L-arginine, 
0.9 mmol/L oxidized glutathione, 2 mmol/L EDTA at 10°C. Equal 
weight amounts of V L and V H -PE38 were used to refold 
RFB4(dsFv)PE38. Disulfide-linked immunotoxin was refolded in 
buffer adjusted to pH 9.5 (room temperature), Immunotoxin was 
allowed to refold for 48 hours, then was dialyzed against 100 mmol/ 



L urea, 20 mmol/L Tris, pH 8 to a conductivity of less than 3.5 
mMho. Properly refolded proteins were purified by sequential anion- 
exchange FPLC on Q-Sepharose and MonoQ (Pharmacia, Arlington 
Heights, IL) followed by gel filtration on 30 mL TSK G3000SW 
(TosoHaas, Montgomeryville, PA). 

Binding. Relative binding affinities of recombinant immunotox- 
ins was measured by competition against 125 I-labeled RFB4 IgG for 
binding to CA46 target cells at 4°C. CA46 cells grown to >10*/mL 
were washed twice in ice cold binding buffer (RPMI, 50 mmol/L 
BES, pH 6.8, 1% bovine serum albumin [BSA]), and plated at 10 6 
cells/150 pL binding buffer/well in 96-well plates on ice. To the 
cells was added 0.35 ng '"I-RFB4 (2.5 X 10* cpm/nmol) in binding 
buffer and varying concentrations of RFB4(dsFv)PE38. Cells were 
incubated for 3 hours on ice, washed twice in cold binding buffer, 
and solubilized in 200 pL 0.5% SDS/TE. Bound ,25 I-RFB4 was 
quantitated on a Wallac 1470 Wizard gamma counter (Turku, Fin- 
land). The means of duplicate samples were used for calculations. 

Cytotoxicity assays. Cells were maintained in RPMI 1640 con- 
taining 20% (Daudi) or 10% fetal bovine serum (FBS) (all other 
lines), 50 U/mL penicillin, 50 /ig/mL streptomycin, 1 mmol/L so- 
dium pyruvate, and an additional 2 mmol/L L-glutamine. For cyto- 
toxicity assays, 4 x 10 4 cells/well in 200 pL culture medium were 
plated in 96-well plates. Immunotoxins were serially diluted in phos- 
phate-buffered saline (PBS)/0.2% human serum albumin (HSA) and 
\0 pL added to cells. Plates were incubated for the indicated times 
at 37°C, then pulsed with 1 juCi/well 3 H-leucine in 10 pL PBS for 
4 to 5 hours at 37°C. Radiolabeled material was captured on fil- 
termats and counted in a Betaplate scintillation counter (Pharmacia, 
Gaithersburg, MD). Triplicate sample values were averaged and 
inhibition of protein synthesis determined by calculating percent 
incorporation compared with control wells without added toxin. 

Toxicity in mice. Six- to eight-week-old Balb/C female mice 
were obtained from the National Cancer Institute, Frederick, MD. 
Multiple-dose intravenous (IV) LD» values were determined for a 
treatment schedule of dose X 3 qod. Various amounts of immunotox- 
ins were diluted to 200 pL with PBS/0.2% HSA and injected into 
the tail veins every other day for three doses. Two mice were injected 
with each dose, and mice were monitored for weight loss and death 
for 14 days after last injection. 

Inhibition of CA46 tumor establishment. Six- to eight-week-old 
female a thymic nude mice were obtained from the National Cancer 
Institute, Frederick, MD. Mice were treated with 300 rad of gamma 
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RFB4 LIGHT CHAIN 
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T Q T T 8 8 

acc cag act aca tec tec 

A S - Q D I S 
gca agt cag gac att age 

K L h I Y Y 
aaa etc ctg ate tac tac 

S G S G T D 
agt ggg tct gga aca gat 

T Y F C Q Q 
act tac ttt tgc caa cag 

E I K 107 
gaa ate aaa 121 



L S A S L G 

ctg tct gee tct ctg gga 

N Y I* N W Y 
aat tat tta aac tgg tat 

T S I L H S 
aca tea ata tta cac tea 

Y S L T I S 
tat tct etc acc att age 

G N T L P W 
ggt aat acg ctt ccg tgg 
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RFB4 HEAVY CHAIN 

1EVQLVBSGG G 

1 gaa gtg cag ctg gtg gag tct ggg gga ggc 

21S CAASGFA FS 
61 tec tgt gca gee tct gga ttc get ttc agt 

41 P EKRL EWVAY 
121 ccg gag aag agg ctg gag tgg gtc gca tac 

61 P D TVK G R FT I 
181 cca gac act gtg aag ggc cga ttc acc ate 

81 L QM SS L K SE D 
241 ctg caa atg age agt ctg aag tct gag gac 

101 GYGSSYGV LF 
301 ggc tac ggt agt age tac ggg gtt ttg ttt 

121 T S A i23 
361 gtc tct gca 369 

Fig 1. Deduced amino acid sequence of the variable region of RF 
by N-termlnal protein sequence analysts. 
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light and heavy chains. Amino acids shown In bold were determined 



irradiation 3 or 4 days before injection of malignant cells. CA46 
cells were seeded at 1.8 X lOVmL 2 days before injection. On day 
0, CA46 cells were washed in RPMI without serum and adjusted to 
either 10* cells/mL or 5 X 10 7 cells/mL in RPMI. Each mouse was 
given 100 fiL of the cell suspension by subcutaneous injection. Mice 
were treated by tail vein injection every day for 4 consecutive days 
with various amounts of immunotoxins or with control materials in 
200 pL volume. The appearance of tumors was monitored daily or 
every other day for 2 1 days following first treatment 

Cytotoxicity of RFB4(dsFv)PE38 after timed exposure to cells. 
RFB4(dsFv)PE38 dilutions were incubated with CA46 and JD38 
cells for 2, 24, and 48 hours in standard cytotoxicity assays, except 
that for the 2-hour time point, immunotoxin was removed from the 
medium by washing with RPMI + 10% FCS, and replaced with 
standard medium for the remaining 22 hours of the assay. For 48- 
hour assays, the cells were incubated continuously for 48 instead of 
24 hours. 

RESULTS 

Cloning of cDNAs encoding the heavy and light chain 
variable regions of RFB4 monoclonal antibody (MoAb). 



N-terminal amino acid analysis yielded sequence data for 
both the light and heavy chains of the RFB4 MoAb, which 
is provided in Fig 1 (bold type). To obtain cDNAs encoding 
the heavy and light chain variable regions of RFB4, total 
RNA was prepared from RFB4 hybridoma cells and reverse 
transcribed to yield first strand cDNA. Subsequently PCR 
was performed to amplify the heavy and the light chains. 
Heavy and light chain specific primers were synthesized 
based on the N-terminal amino acid data, and amplification 
was performed using these primers together with primers 
from the constant regions CHI (heavy) and C-k (light). This 
resulted in the amplification of the variable portion of the 
heavy chain plus part of CHI and amplification of the vari- 
able region of the light chain plus part of C-#c. These products 
were cloned and sequenced as described in Materials and 
Methods. There was complete agreement between the amino 
acid sequence data from the Edman degradations and the 
deduced sequence from our antibody clones. The nucleotide 
and deduced amino acid sequences of V H and V L are shown 
in Fig 1 . 
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Fig 2. SDS-PAGE analysis of purified RFB4(dsFv)PE38. A total of 
2 >ig of Immunotoxin were loaded in each lane. Reduced: 
RFB4(dsFv)PE38 was reduced with 10 mmol/L DTT. The variable por- 
tion of the heavy chain fused with PE38 migrated with an apparent 
molecular mass of 48 kD. The light chain migrated faster than the 
14.3 kD standard. MW, molecular mass standards. Nonreduced: non- 
reduced RFB4(dsFv)PE38 migrated with an apparent molecular mass 
of 58 kD. 



Construction of RFB4(dsFv)PE38. The binding portion 
of disulfide-linked immunotoxins consists of V H and V L 
chains that are covalently linked through a single key residue 
in each chain that has been mutated to cysteine. Based on 
predictions using molecular models and empirical evidence 
with recombinant PE-containing immunotoxins, several dif- 
ferent amino acids in the heavy and light chains can be 
mutated to cysteine to create a stable disulfide linkage be- 
tween the chains. 18 " 21 Using this data, we chose one arnino 
acid in each chain (Gly 100 of the light chain and Arg44 of the 
heavy chain) to mutate to cysteine to create a new disulfide 
linkage between heavy and light chains that would retain 
the binding affinity of the whole antibody. To construct the 
disulfide-linked immunotoxin (dsFv), RFB4 V H and V L 
clones were rearnplified using primers VH5 and VH3-dsFv, 
and VL5-dsFv and VL3-dsFv, respectively. RFB4 VL3- 
dsFv, in addition to introducing a termination codon and an 
EcdRX site, mutates the naturally occurring Glyioo of V L to 
Cys. The amplified products were used to replace Fv and Fv- 
PE38 sequences of the plasmid pULI7. The cloned product 
pEM16 (encoding RFB4 V L -cys lO0 ) was sequenced and 
shown to have incorporated the Gly to Cys mutation. RFB4 
V H -PE38 was mutated using site-directed mutagenesis on 
single-stranded DNA with primer RFB4 VH dsFv<cys), 
which replaces V H Argw with a cysteine. The resulting mu- 
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Fig 3. Cytotoxicity of RFB4(dsFv)PE38 for various cell lines after 
a 24-hour incubation. ['HJIeucine incorporation is expressed as a per- 
centage of cpm incorporated by control cells incubated without Im- 
munotoxin. (O), CA46; (A), JD-38; (+), Raji; (■), Namahva; (•), Daudi; 
(A), HUT102. Data are representative of at least three trials for each 
cell line. 



tated construct, pEM15, was sequenced and shown to have 
incorporated the Arg to Cys mutation. 

Expression and purification of RFB4(dsFv)PE38. Plas- 
mids pEM15 and pEM16 were used to transform 
BL21(\DE3). Cultures of transformed bacteria were induced 
with IPTG (isopropyl-£-d-Thiogalacto-Pyranoside) for high 
level expression, with the protein products accumulating in 
inclusion bodies. Inclusion bodies were isolated and the pro- 
teins solubilized, reduced, and refolded as described in Mate- 
rials and Methods. Properly refolded immunotoxins were 
purified to near-homogeneity by ion exchange and gel filtra- 
tion column chromatography. SDS-PAGE analysis of the 
purified immunotoxin, run under reduced and nonreduced 
conditions, is shown in Fig 2. Purified immunotoxins were 
stored at -80X. 

Cytotoxicity ofRFB4(dsFv)PE38, RFB4{dsFv)PE38 (Fig 3) 
was tested on five Burkitt's lymphoma cell lines (CA46, 
Daudi, JD38, Namalwa, and Raji) and HUT 102, a T-cell 
line that is CD22-negative. Of the B-cell lines tested, there 
were variations in sensitivity to RFB4(dsFv)PE38, which 
had IC 5 o values ranging from 0,25 to 0.6 ng/mL on CA46, 
JD38 and Raji, 1.5 ng/mL on Namalwa and 20 ng/mL on 
Daudi (Table 2). Subsequent studies have shown that Daudi 



Table 2. Cytotoxicity of RFB4(dsFv}PE38 Toward Various Cell Lines 



Cell line* 


Source 


IC«, (ng/mL)t of RFB4(dsFv)PE38 


CA46 


Burkitt's lymphoma 


0.6 


Daudi 




20 


JD-38 




0.3 


Namalwa 




1.5 


Raji 




0.4 


HUT102 


T-cell leukemia 


> 1,000 



* All the cell lines are of human origin. 

t Cytotoxicity data are given as IC«oS, which are the concentrations 
of immunotoxin that cause a 50% reduction in protein synthesis com- 
pared with controls after incubation with cells for 24 hours. 
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Fig 4. The relative binding activity of RFB4(dsFviPE38 compared 
with native antibody on CA46 cells. Whole antibody and recombinant 
f mmunotoxin were used to compete for binding of trace amounts of 
,25 l-labeled RFB4 tgG. Counts competed are expressed as a percent- 
age of counts from celts that were incubated without any competitor. 
(□), RFB4 IgG; UK BFB4(dsFv)PE38. 

cells cannot efficiently proteolytically process PE38 (Bio- 
chemical Soc Transactions, 1997, in press). 

Antigen binding ofRFB4(dsFv)PE38. The ability of the 
recombinant RFB4 immunotoxin to bind to antigen-positive 
cells was analyzed using competition assays in which in- 
creasing concentrations of immunotoxin were used to com- 
pete the binding of a fixed concentration of ,25 I-labeled RFB4 
IgG at 4°C. As shown in Fig 4, binding to CA46 cells was 
reduced by 50% at 10 nmol/L RFB4(dsFv)PE38. Native 
RFB4 IgG reduced the binding of labelled RFB4 IgG to 
CA46 cells by 50% at 8.5 nmol/L (Fig 4). 

Stability of recombinant RFB4 immunotoxin at 37°C. 
The stability of RFB4(dsFv)PE38 was investigated by incu- 
bation of the immunotoxin for extended periods at 37°C. 
Stability of PE-based recombinant immunotoxins has been 
correlated with their activity in vitro. 15 Accordingly, 
RFB4(dsFv)PE38 was incubated in PBS at 37°C for 1 to 7 
days and its cytotoxic activity after incubation was compared 
with samples which were kept at -80°C. In keeping with 
the previous finding of high stability of dsFv immunotoxins 
at 37°C, RFB4(dsFv)PE38 was also very stable over the 
entire 7 days, as judged by maintenance of full cytotoxic 
activity toward CA46 cells in a 24-hour assay (Fig 5). 

Temporal measurement of cytotoxic activity of RFB4 
(dsFv)PE38. The time required for cells to internalize and 
process immunotoxin is of therapeutic interest because blood 
levels of immunotoxin in patients must remain above a cyto- 
toxic threshold for long enough to intoxicate the malignant 
cells. Therefore, we evaluated the consequences of varying 
exposure time of cells to immunotoxin. RFB4(dsFv)PE38 
was added to cells and incubated at 37°C for 2, 24, or 48 
hours. The 2-hour exposure was followed by 22 additional 
hours of incubation in immunotoxin-free medium to allow 
time for the intracellular trafficking that is required for intox- 
ication. For both CA46 and JD38 cells, increasing the expo- 
sure time to immunotoxin from 2 to 24 hours decreased the 
IC 50 by fivefold to 10-fold. Incubation of cells for 48 hours 
continuously with RFB4(dsFv)PE38 resulted in little, if any, 
additional effect on cytotoxicity over that observed after 24 
hours of incubation. Therefore, we conclude that the cell 




ng/ml 

Fig 5. Stability of RFB4{dsFv)PE38. RBF4(dsFv)PE38 was incu- 
bated at 37'C for the number of days indicated and cytotoxicity on 
CA46 cells was compared with a sample that was stored at -80°C. 
(O). 7 days; (A), 5 days; (•), 3 days; (A), 1 day; <■), 0 days. 



lines used require greater than 2 hours of exposure to bind 
and internalize maximal amounts of immunotoxin and are 
intoxicated to nearly the fullest extent possible by 24 hours. 
Increasing exposure to times greater than 24 hours does not 
provide any advantage in vitro. 

Toxicity of RFB4(dsFv)PE38. An evaluation of RFB4 
(dsFv)PE38 toxicity was performed to select appropriate 
doses of immunotoxin for antitumor experiments. A maxi- 
mum tolerated dose (MTD) value was determined by multi- 
ple-dose IV injection of RFB4(dsFv)PE38 in varying 
amounts (Table 3). Two mice were injected for each dose 
level. At a dose of 3 X 10 /xg or 3 X 8 /ig, no mice survived. 
At 3 X 7 /xg or less, all mice survived. 

Antitumor activity ofRFB4(dsFv)PE38 against CA46 cells 
in nude mice. The excellent cytotoxicity and stability of 
RFB4(dsFv)PE38 in vitro predicted that this molecule would 
have antitumor activity in an animal model of lymphoma. 
We evaluated the ability of RFB4(dsFv)PE38 to inhibit tu- 
mor development in a subcutaneous solid tumor model using 
CA46 Burkitt's lymphoma cells injected into nude mice. 
Two protocols were used. In the first, female athymic nude 
mice were irradiated on day —3 and then injected subcutane- 
ously with 10 7 CA46 cells on day 0, while in the second, 
mice were irradiated on day -4 and injected with 5 X 10* 



Table 3. 


LO M of RFB4(dsFv)PE38 


Dose (jiQ)* 


Deaths/Totalt 


10 


2/2 


8 


0/2 


7 


072 


6 


0/2 


5 


0/2 


3 


0/2 



* Doses were given IV every other day for three doses, 
t Mice were observed for 7 days following last dose. 
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gave similar results. 



CA46 cells. Mice were divided into groups of five and treated 
beginning 24 hours after injection of CA46 cells for 4 con- 
secutive days (days 1 to 4) with various amounts of immuno- 
toxin, in addition to diluent control (Fig 6). Tumor volumes 
were recorded for 21 days. Mice inoculated using the first 
protocol and treated with either 5 or 2 fig of immunotoxin 
developed small tumor cell nodules that regressed on treat- 
ment and then slowly regrew (Fig 6A). Treatment with 1 /xg 
of immunotoxin delayed tumor development compared with 
controls, but tumors grew rapidly thereafter. 

Mice inoculated using the second protocol and treated 
with 5 or 3 /xg of RFB4(dsFv)PE38 developed very small 
tumor nodules that completely regressed on treatment in 9 
of 10 mice at the 5 fig dose level and in 7 of 10 mice at 
the 3 fig dose level (Fig 6B). No mice achieving complete 
regression at the 5 /xg X 4 dose regrew tumors after extended 
observation (up to 90 days), while 4 of 7 mice receiving 3 
fig X 4, and showing a complete regression, regrew tumors 
(within 90 days). Treatment with 1 fig of immunotoxin de- 
layed tumor development significantly throughout the obser- 
vation period, but produced complete regressions in only 2 
of 10 mice. Mice that were treated with 5 ixg of a nonrelevant 
dsFv-PE38 immunotoxin that is nonbinding for CA46 cells 
developed tumors that grew at the same rate as those in the 
diluent-treated control group, demonstrating specificity of 
the RFB4(dsFv)PE38 immunotoxin (Fig 6B). 

DISCUSSION 

The variable portions of the heavy and light chains of 
the MoAb RFB4 were cloned and sequenced. This antibody 



recognizes the CD22 antigen, which is present exclusively 
on B cells and is found on many B-cell malignancies. RFB4 
has already been extensively tested for its ability to direct 
deglycosylated ricin A chain to antigen-positive cells. Re- 
cently, it has also been used to make chemical conjugates 
with PE35, a truncated form of PE, As a way to prepare a 
wholly recombinant immunotoxin, a disulfide-Hnked Fv was 
constructed and then was fused with PE38. 

Analysis of the recombinant immunotoxin showed that 
RFB4(dsFv)PE38 is stable at 37°C for extended incubation 
times. Cytotoxicity profiles on several antigen-positive and 
antigen-negative cell lines showed that the recombinant im- 
munotoxin was highly and selectively toxic towards CD22- 
bearing cells and was nontoxic toward CD22" lines. The 
duration of incubation required for maximum intoxication 
of cells was determined to be greater than 2 hours, but little 
additional benefit was noted at incubation times greater than 
24 hours. The stability of RFB4(dsFv)PE38 is therefore com- 
patible with the time required for efficient intoxication. 

Binding of RFB4(dsFv)PE38 to CD22 antigen on CA46 
cells was nearly identical to that of whole RFB4 IgG, al- 
though the recombinant molecule is monovalent. Previously, 
it was shown that a chemically conjugated immunotoxin, 
RFB4-PE35, bound with identical affinity to RFB4 IgG on 
Daudi cells. 1 1 It is, therefore, clear that RFB4(dsFv)PE38 and 
a chemically conjugated RFB4-PE35 are also very similar in 
ability to bind antigen. RFB4(dsFv)PE38 has slightly im- 
proved cytotoxicity towards CA46 cells compared with 
RFB4-PE35 (0.6 ng/mL v 1 ng/mL) and is equally stable 
over 24 hours at 37°C, demonstrating that the recombinant 
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RFB4(dsFv)PE38 has all of the advantages of the chemical 
conjugate in vitro, with the additional benefit that it can be 
easily prepared in large homogeneous batches. 

Because the disulfide-linked immunotoxin was quite sta- 
ble, had binding properties similar to the whole antibody, 
and superior cytotoxic effects, it was chosen for further eval- 
uation in animal models. We evaluated its antitumor activity 
by assessing its ability to prevent formation of tumors after 
injection of CA46 cells into irradiated nude mice. We chose 
this model, which has been used previously in testing anti- 
CD22 immunotoxins, for several reasons. First, the subcuta- 
neous tumors formed by CA46 cells are structurally very 
similar to human soft tissue lymphomas (unpublished obser- 
vation, August 1994). This model then may more accurately 
represent this type of disease than do dissimulated models, 
which are more similar to leukemic phase lymphomas usu- 
ally associated with advanced disease and a high tumor bur- 
den. Secondly, we would predict that RFB4(dsFv)PE38 
would not be effective in the widely-used Daudi/SCID model 
because Daudi cells are unique in their relative inability to 
process PE to an active form (Biochemical Soc Transactions, 
1997, in press). Finally, this model produces quantitative, 
rapid, and reproducible results in terms of tumor reduction 
rather than relying on development of terminal disease for 
antitumor activity measurement. Using the CA46/nude 
mouse model, we showed that RFB4 (dsFv)PE38 could erad- 
icate tumor cells when immunotoxin administration began 
24 hours after tumor implantation, in contrast to mice that 
were treated with diluent or a nonrelevant dsFv-PE38 immu- 
notoxin. 

Based on the data presented here, it would appear that 
RFB4(dsFv)PE38 merits further preclinical development as 
a possible treatment for B-cell lymphoma. 
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ABSTRACT A recombinant chimeric toxin In which the 
cell binding domain of Pseudomonas extotoxin (PE) was re- 
placed by murine interleukin 4 (IL-4) was produced in Esch* 
erichia colu This chimeric protein, IL-4-PE40, was cytotoxic to 
murine IL-4 receptor-bearing cell lines but had little effect on 
human cell lines lacking receptors capable of binding murine 
IL-4. A mutant form of IL-4-PE40 (termed IL-4-PE40 asp 555 ) 
with very low ADP-ribosylating activity displayed mitogenic 
activity similar to that of IL-4 rather than cytotoxic activity. 
Because the cytotoxic effects of IL-4-PE40 were blocked by 
excess IL-4 or by neutralizing antibody to IL-4 (11B11), we 
conclude that the cytotoxic effect of IL-4-PE40 is specifically 
mediated through IL-4 receptors. IL-4-PE40 could be a useful 
reagent for specific elimination of cells bearing IL-4 receptors. 



Bacterial and plant toxins have been attached to growth 
factors (1-5) and antibodies (6, 7) to make cytotoxic reagents 
specific for certain types of eukaryotic cells. Our laboratory 
has used Pseudomonas exotoxin (PE) for these studies. PE 
is composed of three structural domains (8): domain la for 
cell recognition, domain II for translocation across mem- 
branes, and domain III for ADP-ribosylation of elongation 
factor 2, the step actually responsible for cell death (9). We 
have produced a noncytotoxic mutant form of PE, termed 
PE40, which lacks domain la (the cell binding domain) but 
retains translocation and ADP-ribosylating activity (9). By 
fusing the gene encoding PE40 to genes encoding transform- 
ing growth factor a (1), interleukin 2 (IL-2) (2), interleukin 6 
(4), and CD4 (10), we have developed chimeric proteins 
specifically toxic to cells expressing receptors or binding 
proteins for these. 

Interleukin 4 (IL-4, also called BSF-1) is a 20,000-Da 
protein produced by activated T lymphocytes and was first 
described as a growth factor for B lymphocytes (11). IL-4 also 
increases the expression of class II major histocompatibility 
complex (MHC) molecules (12, 13) and enhances the pro- 
duction of IgGl and IgE (14-17). Moreover, IL-4 has been 
shown to act on certain non-B cells; IL-4 enhances the 
growth and/or differentiation of T cells (18-21), activates 
macrophages (22, 23), and increases the growth of granulo- 
cytes, mast cell, and erythrocyte colonies (23-25). IL-4 
seems to have a wide range of biological activities, including 
the proliferation and differentiation of lymphocytes and he- 
mopoietic cells. Though the cells of various lineages have 
been reported to have IL-4 receptors, activated T and B 
lymphocytes and certain tumor cell lines derived from B 
lymphomas, T leukemias, and mastocytomas (26-28) have 
relatively high numbers of IL-4 receptors. Depletion of cells 
bearing high numbers of IL-4 receptors by the chimeric 
protein IL-4-PE40 may have some value in studying the 
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biological function of the IL-4/IL-4 receptor system and also 
in treating some immunological disorders or tumors. 

In this report, we describe the construction of a chimeric 
gene in which the gene encoding PE40 was fused to a cDNA 
encoding murine IL-4. The fusion gene product, IL-4-PE40, 
was found to be highly toxic to a murine T-cell line (CT.4R) 
bearing about 15,000 IL-4 receptors (29) but to have no effect 
on human cell lines lacking receptors for murine IL-4. In 
addition, a chimeric protein composed of a mutant form of 
PE40 that had very low ADP-ribosylating activity (PE40 
asp 353 ) was also prepared. IL-4-PE40 asp 333 displayed mito- 
genic activity similar to that of IL-4 rather than cytotoxic 
activity, showing that ADP-ribosylating activity was essen- 
tial for cytotoxicity and that IL-4-PE40 asp 533 bound specif- 
ically to the IL-4 receptor. Because the cytotoxic effects of 
IL-4-PE40 were blocked by excess IL-4 or by a neutralizing 
monoclonal antibody to IL-4 (11B11), we conclude that the 
cytotoxic effect of IL-4-PE40 is specifically mediated 
through IL-4 receptors. 

MATERIALS AND METHODS 

Reagents. Chemicals and enzymes were described previ- 
ously (2). For polymerase chain reaction (PCR), we used a 
DNA amplification reagent kit (no. N801-0043) from Perkin- 
Elmer/Cetus. Anti-IL-4 monoclonal antibody, 11B11 (30), 
was purchased from Tex Star Monoclonals (Dallas). Recom- 
binant murine IL-4 was a gift from W. E. Paul (National 
Institutes of Health). 

Plasmids, Bacterial Strains, and Cell Lines. Plasmid 
pVC8fl[+)T, which carries domains II and III of the PE gene 
(PE40) from pVC8 (1), a T7 transcription terminator at the 
end of PE40 gene, and a f 1 origin of replication, was con- 
structed in this laboratory (V.K.C., unpublished). The plas- 
mid carrying murine IL-4 cDNA was a gift from S. Gillis 
(Immunex, Seattle). Plasmid pVC45M, which carries a gene 
for PE with an asp 333 mutation (ADP-ribosylating mutant), 
was described previously (31, 32). CT.4R is an IL-4-depen- 
dent murine T-cell line expressing about 15,000 IL-4 recep- 
tors (29). HUT 102 is a human T-cell leukemia and a gift from 
T. A. Waldmann (National Cancer Institute). CTLL is an 
IL-2-dependent murine T-cell line. P815 is a murine masto- 
cytoma cell line. P3X63-Ag8.653 is a clone derived from 
murine plasmacytoma, MOPC-21, and obtained from the 
American Type Culture Collection. NIH 3T3, Swiss 3T3, and 
L929 are murine fibroblast cell lines. A431 and KB are human 
epidermoid carcinoma cell lines. 

Plasmid Construction. Plasmid DNA was prepared and 
oligonucleotides were synthesized as described (2). The 
chimeric gene encoding IL-4-PE40 under the control of the 
T7 promoter was constructed as summarized in Fig. 1. First, 
we created an Nde I site at the 5' and 3' ends of the IL-4 



Abbreviations: IL-4, interleukin 4; IL-2, interleukin 2; PE, Pseu- 
domonas exotoxin; MHC, major histocompatibility complex; PCR, 
polymerase chain reaction. 
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Fig. 1. Scheme for construction of expression plasmid pM048, 
encoding IL-4-PE40. 

(A) Scheme for construction of pM048: Primer 1, 
5'-CTTTCTCGAATGTACCCAIAIG 
CATATCCACGGATGCGACAAAAATC— 3' : Primer 2, 

5'-GTTAAAGCATGGTGGCTCACAI 
ATGCGAGTAATCCATTTGCATG-3' 

The bases underlined were changed from that of IL-4 to create an 
Nde I site. (B) Abbreviated amino acid sequence of 1L-4-PE40. Two 
amino acids C) were added between IL-4 and PE40 to create an Nde 

1 site. 

coding sequence by PCR (33, 34) using primers with recog- 
nition sites for Nde I. As shown in the legend of Fig. 1, we 
synthesized two oligonucleotide primers: primer 1 is com- 
plementary to the V region of antisense strand of IL-4 cDNA 
and primer 2 is complementary to the 3' region of sense 
strand. In both primers, five bases were changed to create an 
Nde I site. After 25 cycles of PCR using primer 1 and primer 

2 (1 pM) and a 0.55-kilobase (kb) JBamHI-£coRI DNA 
fragment (0.1 ng per reaction) that contained the IL-4 coding 
sequence as the template, a 0.406-kb DNA fragment was 
amplified. After separation on a low-melting-point agarose 
gel, the 0.406-kb DNA was eluted and cut with Nde I, and 
then a 0.366-kb fragment was separated. The 0.366-kb Nde I 
fragment was subcloned into the Nde I site of pVC8f(+)T. 
The resulting plasmid had a 0.366-kb IL-4 coding gene in two 
orientations at the 5' end of the PE40 gene. After restriction 
analysis, a plasmid with IL-4 in the proper orientation with 
respect to the PE40 gene was identified (pM048). Plasmid 
pM048M (IL-4-PE40 asp 335 ) was constructed by cleaving 
pM048 with BamHl and EcoRI and replacing the 0.46-kb 
fragment with a similar BamHl-EcoKl fragment from 
pVC45M (30). 

Expression and Localization of IL-4-PE40. Escherichia coti 
BL21 (ADE3) cells were transformed with the plasmid 
pM048, cultured in 1 liter of LB broth with ampicillin (100 
pg/ml) up to ODo5o = 0.5, and induced with 1 mM isopropyl 
£-D-thiogalactoside for 90 min. The separation of different 
compartments of cells was described previously (4). 

Gel Electrophoresis and Immunoblotting. SDS/PAGE on 
10% gels was performed as described by Laemmli (35). The 



gels were stained with Coomassie blue. For immunoblotting, 
electrophoresed samples were transferred to nitrocellulose 
paper and processed by using rabbit anti-PE antiserum as 
described (9). 

Purification of IL-4-PE40. The purification protocol for 
IL-4-PE40 was essentially the same as described (4). Briefly, 
the pellet containing inclusion bodies was prepared by cen- 
trifugating the sonicated spheroplasts. This pellet, containing 
IL-4-PE40, was denatured in extraction buffer (7 M guani- 
dine hydrochloride/100 mM TrisHCI, pH 8.0/5 mM EDTA). 
After centrifugation at 40,000 rpm for 15 min, the supernatant 
containing denatured protein was rapidly diluted in 80 vol of 
buffer (150 mM NaCl/10 mM sodium phosphate, pH 7.4) and 
allowed to sit for 16 hr at 4 C C for renaturation. After dialyzing 
against 20 mM Tris (pH 8.0), the samples were applied onto 
a Mono Q column (10 x 100 mm) and eluted with a 200-ml 
linear gradient of NaCl (0-500 mM in 20 mM Tris, pH 8.0); 
4-ml fractions were collected and the absorbance at 280 nm 
was monitored. The fraction containing the peak cytotoxic 
activity (fraction 33) was applied onto a TSK G3000 (7.8 x 
300 mm) gel filtration column and eluted with 0.2 M sodium 
phosphate (pH 7.0) containing 1 mM EDTA. The chimeric 
mutant protein, IL-4-PE40 asp 553 , was expressed and puri- 
fied in the same way as IL-4-PE40. It also was shown to have 
the same molecular mass as determined by SDS/PAGE (data 
not shown). 

Protein Synthesis Inhibition Assays. The cytotoxic activity 
of IL-4-PE40 was tested on CT.4R cells. CT.4R cells were 
maintained in the RPMI 1640 medium containing 5% fetal calf 
serum, 50 pM 2-mercaptoethanol, 1 mM sodium pyruvate, 50 
units of penicillin per ml, 50 pg of streptomycin per ml, 50 pg 
of gentamycin per ml, and 500 units of murine IL-4 per ml. 
For assay, cells were washed to remove IL-4 and plated in 
96-well tissue culture plates at 8 x 10 3 cells in 100 pi, and 
various concentrations of IL-4-PE40 were added. Five hun- 
dred units of IL-2 per ml was also added to keep the cells 
growing during the assay period. For blocking or neutralizing 
experiments, IL-4-PE40 was premixed with competitors or 
neutralizing antibodies and then added to the cells. After a 
2-day incubation at 37°C, cells were cultured with 2 pCi (1 Ci 
= 37 GBq) of [ 3 H]leucine for 4 hr, and the radioactivity 
incorporated into cells was measured as described (36). When 
IL-4-PE40 was tested on CTLL cells, the same protocol was 
used. For other cell lines, we used culture medium without 
IL-2 and different numbers of cells (HUT 102, and P3X63- 
Ag8.653, 1 x 10 4 cells per well; NIH 3T3, Swiss 3T3, L929, 
A431, and KB, 1.6 x 10 4 cells per well; P815, 8 x 10 3 cells 
per well). 

Mitogenic Assay. CT.4R cells (5 x 10 3 cells in 200 pi) were 
cultured in the absence or presence of various amounts of 
recombinant IL-4 or IL-4-PE40 asp 353 . After a 40-hr incu- 
bation, cells were incubated with [ 3 H]thymidine (0.5 pCi) for 
6 hr, and then the radioactivity incorporated into the cells was 
measured. 

RESULTS 

Construction of Expression Plasmid Encoding IL-4-PE40. A 

DNA fragment encoding murine IL-4 was subcloned into the 
Nde I site of pVC8f(+)T (Fig. L4).To do this, we first created 
Nde I sites at the 5' and 3' ends of the IL-4 coding sequence 
by PCR using primers with recognition sites for Nde I. After 
25 cycles of PCR with these primers and a DNA template that 
contained the IL-4 coding sequence, the amplified DNA 
fragment acquired Nde I sites at both ends. 

The resulting plasmid, pM048, was expressed under the 
control of bacteriophage T7 late promoter. The chimeric 
protein, IL-4-PE40, is composed of 486 amino acids, in 
which a native IL-4 sequence of 120 amino acids is followed 
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by amino acids histidine, methionine, and 1-3 and 253-613 of 
PE (Fig. IB). 

Expression of IL-4-PE40. To express IL-4-PE40, E. coli 
BL21 (ADE3) cells were transformed with plasmid pM048. 
After induction with isopropyl 0-D-thiogalactoside, the cells 
were collected and processed as described in Materials and 
Methods. The new protein, migrating at 53 kDa, was readily 
detectable on SDS/PAGE of the total cell pellet (Fig. 2A, lane 
2). The size of this protein corresponds to the expected size 
for IL-4-PE40, and immunoblotting analysis showed this 
protein reacted with anti-PE antibody (Fig. IB, lane 2). The 
culture supernatant or the periplasm had negligible amounts 
of this protein. Separation of sonicated spheroplasts into 
cytoplasm and a pellet that contained inclusion bodies 
showed that the 53-kDa protein was mostly retained in the 
pellet (Fig. 2 A and £, lanes 4). 

Purification of IL-4-PE40. Because a 53-kDa protein of the 
size expected for IL-4-PE40 was produced and because this 
protein reacted with antibodies to PE, we tentatively con- 
cluded that the 53-kDa protein was IL-4-PE40 and purified 
this protein. To do this, the inclusion bodies were denatured 
in 7 M guanidine and then renatured as described in Materials 
and Methods. The renatured protein was applied to a Mono 
Q ion-exchange column (Fig. 3A). Fraction 33 from the Mono 
Q column showed high cytotoxic activity on IL-4 receptor- 
bearing cells and was applied to a TSK G3000 gel filtration 
column (Fig. 3B). Most of the cytotoxic activity came in 
fractions 19 and 20 (Fig. 3B). As shown in Fig. 3C, fraction 
19 of the TSK G3000 column contained a 53-kDa protein that 
was about 90% pure and this protein reacted with anti-PE 
antibody (Fig. 3D). This protein also had almost the same 
ADP-ribosyltransferase activity as an equal amount of PE40 

(data not shown). m 

Protein Synthesis Inhibition by IL-4-PE40. To test the 
cytotoxic activity of IL-4-PE40, we used a murine T-cell line, 
CT.4R, that expresses around 15 ,000 IL-4 receptors. This cell 
line can grow in the presence of either IL-4 or IL-2 and was 
maintained in culture medium containing recombinant mu- 
rine IL-4. . 

CT.4R cells were treated with various amounts of 1L-4- 
PE40. IL-2 (500 units/ml) was added to the culture to keep 
CT.4R cells growing during the assay period. After 2 days, 
the level of protein synthesis was determined. As shown in 
Fig. 4A , IL-4-PE40 inhibited protein synthesis in CT.4R cells 
in a concentration-dependent manner. The concentration of 
IL-4-PE40 giving a 50% reduction of protein synthesis (IDjo) 
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Fio. 2. Localization of IL-4-PE40 in E. coli BL21 (ADE3). E. coli 
BL21 (ADE3) cells were transformed by plasmid pM048 and were 
processed as described in the text. (A) Coomassie blue-stained gel. 
(B) Immunoblotting with rabbit anti-PE antibody. Lanes 1, total cell 
pellet (nontransformed cells); lanes 2, total cell pellet (transformed 
cells); lanes 3, cytoplasm; lanes 4, 100,000 x g pellet of sonicated 
spheroplasts. Molecular masses are indicated in kDa. The arrow 
shows the new protein migrating at 53 kDa. 
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Fic. 3. Purification of IL4-PE40. (A) Mono Q ion-exchange 
chromatography of IL-4-PE40; material from a 750-ml culture ! of E. 
coli BL21 (ADE3) was applied to a Mono Q column. {B) TSK <J3UW 
gel filtration chromatography fraction 33 of the Mono Q column (220 
Mg of protein) was applied to a TSK G3000 column. In A and B, 
cytotoxic activity is expressed as the relative ratio of peak activities 
from protein synthesis inhibition assays using CT.4R cells. Absorb- 
ance at 280 nm was measured. (C and D) SDS/PAGE of purified 
IL-4-PE40. (C) Coomassie blue-stained gel. (X>) Immunoblotting 
with rabbit anti-PE antibody. Lanes 1. fraction 19 of TSK G3000 
column; lanes 2, PE. Molecular masses are indicated in kDa. 

was 17 ng/ml. Conversely, the nonchimeric protein, PE40, 
which cannot bind to the IL-4 receptor, had little or no effect 
on protein synthesis (ID50 > 1000 ng/ml). 

ADP-Ribosylation Activity Is Essential for the Cytotoxic 
Effect of IL-4-PE40. The nature of the cytotoxic effect of 
IL-4-PE40 was further investigated by determining the cy- 
totoxicity of IL-4-PE40 asp 353 , a mutant form of this chimeric 
protein that has very low ADP-ribosylation activity (data not 
shown). As shown in Fig. 4B, IL-4-PE40 asp 533 was found not 
to have any cytotoxic effect up to a concentration of 1000 
ng/ml. Rather than inhibiting the synthesis of protein by 
CT 4R cells, IL-4-PE40 asp 553 displayed a mitogenic activity 
similar to that of IL-4 (Fig. 5). Although the mitogenic 
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FiO. 4. Protein synthesis inhibition by IL-4-PE40. CT.4R cells (8 
x 10 3 in 200 /tl) were incubated in the culture medium containing IL-2 
(50 units/ml). (A and B) Various amounts of IL-4-PE40, PE40, or 
IL-4-PE40 asp 555 were added to the culture. (C and D) IL-4-PE40 
(1.9 nM) and various amounts of anti-IL-4 antibody (11B11), IL-4, or 
IL-4-PE40 asp 333 were added to the culture. After a 20-hr (C and D) 
or 40-hr (A and B) incubation, protein synthesis was measured. 
Results are expressed as the % of the value of cells incubated without 
toxin. The dotted line (C and D) shows the protein synthesis level 
without antibody or competitor (36%). 

activity of IL-4-PE40 asp 553 was less than that of IL-4 by a 
factor of «10, this result clearly showed that the IL-4 toxin 
retained substantial binding activity toward IL-4 receptors. 

IL-4 Receptor-Mediated Cytotoxicity by IL-4-PE40. To 
demonstrate further that the cytotoxic activity of IL-4-PE40 
was mediated by the IL-4 receptor, we used two other 
approaches. First, we examined the neutralizing effect of 
anti-IL-4 antibody, 11B11, on IL-4-PE40. 11B11 is a mono- 
clonal antibody that can bind to IL-4 and inhibit IL-4 binding 
to the IL-4 receptor (26). As shown in Fig. 4C, 11B11 
neutralized the cytotoxic effect of IL-4-PE40. 

The second approach involved competition of the cyto- 
toxic activity of IL-4-PE40 by either IL-4 or IL-4-PE40 
asp 553 . Both IL-4 and IL-4-PE40 asp 333 blocked the cytotoxic 
effect of IL-4-PE40 (Fig. 4D). IL-4 was about 10-fold more 
effective in blocking the cytotoxic effect of IL-4-PE40 than 
IL-4-PE40 asp 553 . These results clearly showed that the 
binding of IL-4-PE40 to IL-4 receptors is essential for its 

cytotoxic effect. 

Cytotoxic Effect of IL-4-PE40 on Various Cell Lines. The 
effect of IL-4-PE40 on cell lines lacking receptors for murine 
IL-4 was examined to demonstrate further the specificity of 
the cytotoxic effect. HUT 102 is a human T-cell leukemia cell 
line. It is well known that murine IL-4 does not bind to human 
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Fig. 5. Mitogenic effect of IL-4-PE40 asp 533 on CT.4R cells. 
CT.4R cells (5 x 10 3 cells in 200 jd) were incubated in the presence 
of various amounts of recombinant IL-4 or 1L-4-PE40 asp 553 . After 
a 40-hr incubation, [ 3 H]thymidine incorporation was measured. 



Cell line 




ID*, ng/ml 




1L-4-PE40 


IL-4-PE40 asp 553 


PE40 


CT.4R 


17 


>100O 


>1000 


CTLL 


250 


>1000 


1000 


P3X63-Ag8.653 


12 


>1000 


>1000 


P815 


20 


>1000 


>1000 


NIH3T3 


>1000 


>1000 


>1000 


Swiss 3T3 


420 


>1000 


>1000 


L929 


350 


>1000 


>1000 


HUT 102 


>1000 


ND 


ND 


A431 


>1000 


ND 


ND 


KB 


>1000 


ND 


ND 



incubation 
to inhibit 



Protein synthesis level was measured after 2 days of 
with toxin. ID50 is the protein concentration required 
protein synthesis by 50%. ND, not done. 

cells (26, 27). We first tested this cell line because it had been 
shown previously to be sensitive to another chimeric toxin, 
IL-2-PE40 (2). As shown in Table 1, IL-4-PE40 had very 
little or no cytotoxic effect on HUT 102 cells (ID50 > 1000 
ng/ml). We also tested two other human cell lines, A431 and 
KB, and IL-4-PE40 was not cytotoxic to them. On the 
contrary, IL-4-PE40 was cytotoxic to murine cell lines, 
CTLL (a T-cell line) and P815 (a mastocytoma cell line), that 
had been reported to possess IL-4 receptors (26, 27). IL-4- 
PE40 was also cytotoxic to a murine myeloma cell line, 
P3X63-Ag8.653. IL-4-PE40 had weak cytotoxic effects on 
two murine fibroblast cell lines, Swiss 3T3 and L929, but had 
little or no effect on NIH 3T3. The cytotoxic activity of IL-4- 
PE40 to CTLL, P815, Swiss 3T3, and L929 was neutralized 
by anti-IL-4 antibodies (11B11) (data not shown). IL-4-PE40 
asp 533 or PE40 lacking ADP-ribosylating activity or cell 
binding domain, respectively, had very low effects on all cell 
lines listed in Table 1. These results confirm the specific 
cytotoxicity of IL-4-PE40. 

DISCUSSION 

We have produced a chimeric protein IL-4-PE40, by fusing 
a gene encoding murine IL-4 to a gene encoding domains II 
and HI of PE. IL-4-PE40 was highly cytotoxic to the murine 
T-cell clone CT.4R, bearing about 15,000 IL-4 receptors, and 
was nontoxic to human cell lines lacking receptors for murine 
IL-4. The cytotoxic effect of IL-4-PE40 on CT.4R was 
mediated by IL-4 receptor because PE40, a nonchimeric 
protein that cannot bind to the IL-4 receptor, showed no 
cytotoxicity and because an excess amount of IL-4 or a 
neutralizing monoclonal antibody (11B11) to IL-4 blocked the 
cytotoxicity of IL-4-PE40. We also investigated the cytotox- 
icity of a chimeric protein, IL-4-PE40 asp 553 , in which 
glutamic acid at position 553 was changed to aspartic acid. 
This change causes a large reduction of ADP-ribosylating 
activity to <1% of that of IL-4-PE40 (data not shown). IL-4- 
PE40 asp 353 was not cytotoxic to CT.4R cells up to a 
concentration of 1000 ng/ml. This indicates that the ADP- 
ribosylating activity is essential for the cytotoxicity of IL-4- 
PE40. Moreover, IL-4-PE40 asp 553 displayed mitogenic ac- 
tivity similar to that of IL-4, although IL-4-PE40 asp*" was 
less active than IL-4 by a factor of ~10. IL-4-PE40 asp 553 was 
also less active than IL-4 by a factor of «10 in blocking the 
cytotoxicity of IL-4-PE40. All together these results showed 
that the chimeric protein between IL-4 and PE40 possessed 
a reasonably high affinity for the IL-4 receptor and had 
biological activity similar to that of IL-4. 

Various lineages of cells including lymphocytes and he- 
mopoietic cells at various differentiation stages have been 
reported to express IL-4 receptors (26-28). However, little is 
known about the biological role of the cells bearing high 



Immunology: Ogata et al 



Proc. Natl. Acad. ScL USA 86 (1989) 4219 



number of IL-4 receptors. To investigate such questions, 
IL-4-PE40 could be useful by depleting cells with high 
numbers of IL-4 receptors. Another possible use of IL-4- 
PE40 may be suppressing immune responses. It has been 
reported that activation of B and T cells with mitogen or 
anti-IgM antibody produces a 5- to 10-fold increase in IL-4 
receptor number (26-28). IL-4-PE40 could be immunosup- 
pressive by depleting these activated lymphocytes. It may 
also be possible to use IL-4-PE40 for the treatment of certain 
tumors because it has been reported that certain tumor cell 
lines derived from B lymphomas, T leukemias, and masto- 
cytomas have relatively high number of IL-4 receptors (26- 
28). For these purposes, it will be important to determine how 
many receptors on a cell are necessary for killing by IL-4- 
PE40 because the sensitivity of cells to growth factor-toxin 
fusion proteins seems to be largely dependent on the number 
of receptors on a cell (36). 

Wc thank Dr. S. Gillis for the IL-4 cDNA, Dr. W. E. Paul for the 
CT.4R cell line and for his advice. Dr. C. B. SiegaU for helpful 
discussions, and A. Gaddis for preparing the manuscript. 
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Renal dysfunction accounts for the dose limiting toxicity of 
DT 390 anti-CD3sFv, a potential new recombinant anti-GVHD 
immunotoxin 
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The toxicity of a highly selective, recombinant fusion 
immunotoxin, DT 390 anti-CD3sFv, was examined in mice. 
The protein was expressed from a hybrid gene in which 
the single chain Fv of the anti-murine CD3 epsilon antibody 
cDNA was spliced to truncated diphtheria toxin cDNA. 
DT 390 anti-CD3sFv, previously shown to have significant 
anti-GVHD effects when administered to mice given trans- 
plants of allogeneic MHC-disparate donor T cells (Vallera 
et aL, Blood 88, 2342-2353, 1996), preferentially localized 
to kidney and had profound renal toxicity as assessed by 
histology and serum levels of blood urea nitrogen (BUN), 
and creatinine. Kidney effects were more severe than liver 
effects at the maximum tolerated dose (MTD) of 10 Jig/day 
BID given over a six day interval. Toxic injury was 
attributed in part to the toxin moiety since DT 390 adminis- 
tered alone was more toxic than equivalent doses of DT 39 b 
given in the context of DT 390 anti-CD3sFv fusion protein. 
The presence of anti-CD3sFv ligand reduced toxicity since 
DT 390 anti-CD3sFv was twice as toxic to severe combined 
immunodeficiency disease (scid) mice which do not have 
CD3epsilon expressing T cells as compared to their normal 
counterparts. Together, these findings further our under- 
standing of the toxicities limiting the in vivo administration 
of DT fusion immunotoxins in mice and provide a founda- 
tion for future genetic modifications which should be 
directed at reducing these effects. 

Keywords: fusion protein/immunotoxin/diphtheria toxin/graft- 
versus-host-disease/toxicity 



Introduction 

Immunotoxins (IT) may be important agents for controlling 
graft-versus-host disease (GVHD), a major problem in bone 
marrow (BM) transplantation since (i) successful therapy of 
ongoing GVHD will require a highly potent and selective 
killing signal to eliminate the expanding allogeneic donor T 
cells that attack MHC-disparate BM recipients (reviewed in 
Vallera, 1996), (ii) IT are made by linking monoclonal anti- 
bodies to catalytic toxins such as diphtheria toxin (DT) 
(reviewed in Murphy and Vanderspek, 1995) which have first 
order kinetics and a single molecule in the cytosol is sufficient 
for killing (Yamaizumi etal, 1978), and (iii) unlike immuno- 
conjugates made with radionuclides or most drugs, IT killing 
is directed at the cellular protein synthesis machinery and thus 
will kill dividing and non-dividing cells. 

There has been considerable success in the past decade in 
synthesizing high affinity recombinant IT that even in nano- 
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gram quantities can selectively destroy target cells in vitro and 
can even demonstrate curative potential in difficult in vivo 
models (reviewed in Frankel, 1992). Numerous laboratories 
are exploring the potential of this new class of recombinant 
agent. It is now important to extend our knowledge of 
genetically engineered IT since they have the advantage of (i) 
increased homogeneity, since they can be produced as single 
chain proteins, (ii) stability, since they require no chemical 
linking agents, and (iii) small size, since they require only the 
single chain Fv, the smallest unit (about 20 kDa) of antibody 
that will still recognize antigen consisting of a single variable 
heavy (V H ) and variable light (V L ) domain. Thus, we made 
DT 390 anti-CD3sFv by splicing the cDNA encoding the sFv 
region of anti-mouse CD3epsilon from the hamster hybridoma 
145-C21 1 (Vallera et ah, 1996) to cDNA of truncated diphtheria 
toxin (DT 390 ). Our previous studies indicated that anti-CD3 IT 
was an excellent choice for an anti-GVHD IT protecting 
recipients long-term from GVHD (Vallera etaL, 1995). DT 
was chosen because it lends itself well to rational drug design, 
expression and clinical use (Frankel, 1992; Vallera et ah, 
1 995). DT was preferred over ricin toxin A chain for these 
studies because in our hands it has proven more suitable for 
genetic manipulation studies. 

Intact DT contains two fragments, A and B. The A fragment 
catalyzes the ADP-ribosylation of elongation factor 2 (EF-2) 
leading to protein synthesis inhibition and cell death (Collier, 
1975; Honjo et al. t 1968). Although a single molecule of DTA 
in the cytosol can be fatal to a cell, fragment A alone applied 
extracellularly theoretically is not highly toxic because the 
binding domain is located in fragment B. The rationale design 
of DT 390 anti-CD3sFv was intended to reduce nonspecific 
toxic effects in vivo since the domain capable of binding the 
ubiquitous cell surface DT receptor was deleted and replaced 
with the anti-CD3sFv binding moiety. DT 390 anti-CD3sFv 
fusion toxin showed potential as an anti-GVHD agent (Vallera 
etal f 1995). However despite our genetic alterations, the 
administration of DT 390 anti-CD3sFv and every other reported 
DT fusion toxin (including those used clinically) has been 
limited by toxicity. Since little is known regarding their toxicity 
and no single organ has been identified in limiting the dose 
of DT IT, we chose to study DT 390 anti-CD3sFv as a paradigm 
for this class of agents to establish a clearer understanding of 
its toxicity and therapeutic window in an in vivo model. We 
found that renal toxicity is the dose limiting toxicity for 
DT 390 anti-CD3sFv in mice. 

Materials and methods 

Recombinant DT 390 anti-CD3sFv 

Recombinant DT 390 anti-CD3sFv was synthesized as previously 
described (Vallera et al. t 1996). Briefly, the hybrid gene encod- 
ing the DT 390 -sFvl45-2Cll was constructed by the method of 
gene splicing by overlap extension (SOE). The gene was 
digested with restriction enzymes and ligated into cloning sites 
in the pDT390 plasmid. Restriction endonuclease digestion 
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Table I. Determining the maximal tolerated dose of DT 390 anti-CD3sFv in 
normal C57BL/6 mice 
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C57BL/6 mice were randomly divided into groups and injected with varying 
concentrations of DT 390 anti-CD3sFv given BID on days 0-5. Data are 
expressed as number survivors/number of mice treated on day 10 post- 
treatment. Mice were observed for at least an additional 40 days with no 
change in survival. 
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Fig. 1. C57BL/6 mice were divided into groups (n - 6/group) and then 
injected with varying concentrations of DT 390 anti-CD3sFv given BID on 
days 0-5. Data are expressed as mean weight (y-axis) calculated at each 
daily point (x-axis). *P < 0.001 for mean animal weights in the 10 |ag/day 
group as compared with the 5 fig/day group on days 10-20. TMice died in 
the 20 and 40 Ug/day groups. 

and DNA sequencing analysis (University of Minnesota Micro- 
chemical Facility) were used to verify that DT 390 anti-CD3sFv 
hybrid gene had been cloned in frame. Plasmid pDTCD3sFv 
was transformed into the Escherichia coli strain BL21(DE3) 
(Novagen, Madison, WI) and protein expressed. Expressed 
protein was isolated from inclusion bodies. Solubilization and 
reduction of the fusion protein was achieved in a buffer 
containing 7 M guanidine. To ensure proper tertiary structure, 
renaturation was initiated by a rapid 100-fold dilution of the 
denatured and reduced protein into refolding buffer. The 
refolded protein was diluted 10-fold and loaded on a Q- 
Sepharose (Sigma, St Louis, MO) column and subsequently 
applied to a Resource Q column (Pharmacia, Uppsala, Sweden). 
Purity was determined by SDS polyacrylamide gel electro- 
phoresis and HPLC analysis. The integrity of the binding 
moiety and the toxin moiety was determined in PHA bioassay 
and ADP ribosylation assays, respectively, which have both 
been previously reported (Vallera etal, 1996). For these 
experiments DT 390 anti-CD3sFv met a minimal standard in 
bioassay which was an IC 50 (dose inhibiting 50% of PHA- 



activated lymphocytes) of 1-5 nM/1. Uncoupled anti-CD3 
mAb blocked activity. Also, cell free ADP ribosylation assays 
were performed and DT 390 anti-CD3sFv was at least as toxic 
as native DT. Purity by SDS-PAGE was 95%. 

A DT 390 gene was also constructed with the aim of producing 
a control fusion toxin which did not bind the T cell receptor. 
Protein was expressed, refolded and purified as described 
above. 
Mice 

C57BL/6 and C57BL/6-scid/scid (both H2b) mice were pur- 
chased from the National Institutes of Health (Bethesda, MD). 
Mice were 8-10 weeks of age. 

Fusion toxin administration 

Fusion toxin was given intraperitoneally (ip) in a 0.2 ml 
volume in the morning and then again 6-8 h later. Doses are 
total daily doses administered twice daily (BID) for six 
consecutive days. 
Pathologic examination of tissues 

Mice were sacrificed, autopsied and tissues were taken for 
histopathologic analysis as described (Vallera et al y 1996). All 
samples were imbedded in OCT compound (Miles, Elkhark, 
IN), snap frozen in liquid nitrogen and stored at -80°C until 
sectioned. Serial 4 \im sections were cut, thaw mounted onto 
glass slides and fixed for 5 min in acetone. Slides were stained 
with hematoxylin and eosin (H & E) for histopathologic 
assessment. Organs were scored positive for GVHD if there 
was single cell necrosis with mononuclear cell infiltrate (skin, 
colon), crypt dropout (colon), peri-portal infiltrate with acute 
necrosis (liver) or endothelialitis with a lymphocytic infil- 
trate (lung). 
Immunohistochemistry 

Frozen tissues (kidney and liver) were stained for cell surface 
antigen determinants. After blocking with normal horse serum, 
sections were incubated with biotinylated mAbs specific for 
(i) Mac-1, recognizing macrophages and neutrophils from 
clone Ml/70 (PharMingen, San Diego, CA), (ii) Gr-1 recogniz- 
ing mostly granulocytes from clone RB6-8C5 (PharMingen), 
and (iii) F4/80 recognizing macrophages (generously provided 
by Dr Siamon Gordon, University of Oxford, Oxford, UK). 
Detection with peroxidase-conjugated avidin-biotin complex 
and DAB as chromogen was performed essentially as described 
(Blazar etal, 1995) with reagents purchased from Vector 
Laboratories, Inc. (Burlingame, CA). 
Blood urea nitrogen (BUN), creatinine and alanine 
transferase (ALT) assays 

All three assays were performed on Kodak EKTACHEM 
clinical chemistry slides on a Kodak ETACHEM 950 by 
the Fairview University Medical Center-University Campus 
(Minneapolis, MN). Mice were sacrificed, individual serum 
samples collected and analysis was performed blindly on the 
undiluted samples. Minimum specimen volume was 11 |xl for 
each assay. The BUN assay is read spectrophotometrically at 
670 nm. The creatinine assay is read at 670 nM. In the ALT 
assay, the oxidation of NADH is used to measure ALT activity 
at 340 nm. 
Statistical analyses 

Groupwise comparisons of continuous data were made by 
Student's /-test. Survival data were analyzed by Mantel-Peto- 
Cox summary of chi square (Mantel, 1966). Probability (P) 
values less than 0.05 were considered significant. 
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Dose limiting toxicity of DT 390 anti-CD3sFv 
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Fig. 2. C57BU6 were randomly grouped and injected with DT 390 anti-CD3sFv, DT 390 , or PBS. BID over a course of 4 days. Kidney and liver were removed, 
sectioned and stained with H & E to visualize organ damage. Two animals/group were examined with identical results. 



Results 

Determination of the maximum tolerated dose (MTD) of 
DT 390 anti-CD3sFv 

To determine the MTD, DT 390 anti-CD3sFv was injected into 
mice oyer a 6 day course BID. A dose of 2 u,g/day BID over 
a 6 day interval was previously shown to induce a significant 
anti-GVHD effect (Vallera etaL, 1996). In three replicate 
experiments, the MTD was reproducibly found to be 10 \ig/ 
day (Table I). Pooled data showed that only 1 of 15 mice 
died at this dosage. In all three experiments, survivors were 
monitored for an additional 40 days with no signs of delayed 
toxic effects. In contrast, when the dose was increased to 20 
or 40 jig/day all mice died in each of the three independent 
experiments. There was a significant (P < 0.001) difference 
between groups given 0-10 |Xg/day and 20-40 u.g/day. These 
data show that 10 ug/day DT 3 9 0 anti-CD3sFv BID over six 
days is the MTD as determined by survival, but that some 
toxicity reflected in weight loss is experienced at this dose. 

Although survival was not significantly diminished at the 
10 fig/day dose, a significant drop in mean body weight 
(Figure 1) was observed on days 3 through 22 (comparing 
post-injection weight values to pre-injection weight values). 
These differences were no longer significant after day 24 and 
mice entirely recovered to their pre-injection weight by day 
40. Mice given 5 fig/day fusion toxin lost 2 grams over the 
course of injection, but regained it all by day 11. These losses 
were not statistically significant. 

Organ toxicity 

To determine the toxicity of DT 390 anti-CD3sFv to liver and 
kidney, fusion protein was injected into mice. Mice were 
sacrificed and visually examined for tissue effects and func- 
tional assays in the form of sera analyses were performed. 
Figure 2 shows H & E stained sections from mice given 10 \ig/ 
day and then sacrificed on day 5 after the course was completed. 
Effects included partial, but not complete destruction of the 
glomeruli. Proximal tubular vacuolization and mononuclear 
cell and neutrophil infiltration in the distal tubular areas and 



in the areas surrounding the glomeruli were observed. The 
level of damage in the kidney exceeded the level of damage 
in the liver at this dose level since the only hepatic pathologic 
changes observed were minimal endothelialitis. Higher doses 
resulted in even greater damage in the kidney including tubular 
rhexis and extensive neutrophil infiltration. Still, there was 
only minor fatty degeneration in the liver. The observed 
damage was not attributed to anti-CD3sFv since damage was 
also observed in mice given DT 390 alone. In mice given 
DT 390 anti-CD3sFv, other tissues were examined at the MTD 
with no histological evidence or minimal evidence of damage. 
Brain and heart tissue were unaffected. There was some min- 
imal mononuclear cell infiltration in pancreas, lung and small 
intestine. As would be expected, thymus (analyzed as a control) 
was mostly leukopenic with indications of apoptotic and dying 
cells. The T cell zones in the white pulp of the spleen were 
depleted with expansion of the red pulp. 

To determine whether histologic observation had functional 
significance, a separate group of mice were treated identically 
to those in Figure 2 and serum was analyzed for levels of 
creatine and BUN as indicators of renal function and ALT 
activity as an indicator of hepatic function. Figure 3 shows 
that when groups of mice were treated with increasing concen- 
trations of fusion protein, a significant (P < 0.04) increase in 
BUN and creatinine was observed at the 10 ug/day MTD as 
compared with groups given 0 or 1 Jig/day dosages. This was 
not the case when hepatic activity was monitored with ALT. 
Together, both histologic and functional data indicate that 
toxic damage by DT 390 anti-CD3sFv is most pronounced in 
the kidneys. 

These findings were also supported by biodistribution studies 
in which normal C57BL/6 mice were injected i.v. with 10 uCi 
125 Mabeled DT 390 anti-CD3sFv using a previously described 
procedure (Vallera et al. t 1996). After 23 h, the highest 
percentage (percent injected dose/gram tissue = 0.93) was 
measured in kidney. In other organs, 0.37, 0.13 and 0.14% 
injected dose/gram tissue was distributed to blood, lung and 
liver, respectively. 
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Tabic II. Comparative effects of DT 3 9oanti-CD3sFv and DT 3M on *e 
mortality of C57BL/6 mice 
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Fig. 3. C57BL/6 mice were randomly grouped (« = 5) and injected with 
differing concentrations of DTj^oanti-CTOsFv BID on days 0-4. On day 5 
mice were bled and individual serum samples were studied for creatinine, 
BUN and ALT levels. Data was averaged. Only one mouse survived for 
analysis in 20 ^g/day group (probably because the dose was in excess of 
the MTD) so statistics were not performed on that group. *P < 0.001 when 
compared with the untreated control group. 

The role of the anti-CDSsFv moiety infusion toxin toxicity 
Figure 2 indicated that kidney toxicity occurred when mice 
were given DT 390 anti-CD3sFv or DT 390 . To study the role of 
the anti-CD3sFv moiety, mice in the same experiment were 
given either DT 39 nanti-CD3sFv or DT 390 and survival was 
measured. Table II shows data presented to reflect the amount 
of DT 390 given to mice receiving DT 390 anti-CD3sFv or DT 390 . 
Fourteen u;g/day of DT 390 in the form of DT 390 anti-CD3sFv 
was the minimal uniformly lethal dose. Thus, DT 390 anti- 
CD3sFv was at least fourfold less toxic than DT 390 which 
killed all mice at 3.5 |xg/day. Additional studies suggested that 
anti-CD3sFv played a role in reducing the toxicity of DT 390 anti- 
CD3sFv. Groups of C57BL/6 scid mice (w = 5/group) which 
do not have CD3 expressing T cells and normal C57BL/6 
mice which do were given identical treatments of 5, 10 or 20 
Hg/day BID DT 390 anti-CD3sFv and survival was compared. 



Group 


Agent 


Daily dose of 


Total DT 


Mortality 


DT 390 anti-CD3sFv 


in dose 








or DT 390 






1 


DT 390 anti-CD3sFv 


20 


14 


100 


2 


DT 390 anti-CD3sFv 


10 


7 


0* 


3 


DT 390 anti-CD3sFv 


5 


3.5 


0* 


4 


DT 390 


14 


14 


100 


5 


DT 390 


7 


7 


100 


6 


DT 3 9o 


3.5 


3.5 


100 



C57BL/6 mice were randomly divided into groups (n - 4, mean weight 
about 23-25 g) and injected with varying concentrations of DT 390 anti-CD3 
or DT 390 given BID on days 0-5. Percent mortality is reported on day 10. 
Mice were also observed for an additional 45 days with no change in 
survival. 

*P < 0.001 as compared with relevant DT 390 control by Student f-test 

The MTD in scid mice was 5 fig/day, half the MTD measured 
in normal mice. This difference was not likely due to a 
variance in the susceptibility of normal and scid C57BL/6 
mice to DT 390 . We tested groups (n = 4/group) of normal and 
scid mice (size and age-matched) by administering a 5 day 
BID course of 1 |ig/day, 0.2 Jig/day or 0.1 u\g/day DT 390 . 
There were no significant differences in weight loss or survival 
in normal compared with scid mice. Together, these data 
suggest that the anti-CD3sFv moiety reduces the toxicity 
of DT 390 . 

DT 390 anti~CD3sFv administration enhances macrophage 
levels 

Neutrophils play a major role as scavenger cells and might 
be elevated by toxin-related trauma. Based on a previous 
observation that Mac-1 + cells are elevated in DT 390 anti- 
CD3sFv-treated mice (Vallera et al. f 1996), we examined liver 
for the presence of these cell populations (Figure 4). Mice 
were given increasing doses of DT 390 anti-CD3sFv and since 
MAC-1 stains both macrophages and neutrophils, we used 
more discriminating immunohistochemical staining for Gr-1 
(predominantly a neutrophil stain) and F4/80 (predominantly 
a macrophage stain). Our data indicate that both macrophages 
and neutrophils were elevated in mice given a course of 5, 10 
(MTD) or 20 Hg/day in a dose dependent manner. Similar 
effects were observed in sectioned and stained kidney samples. 

Discussion 

In this report, we analyzed the toxicity of a fusion protein, 
DT 39u anti-CD3sFv that was previously shown to have signific- 
ant anti-GVHD effects in mice in vivo, even in animals 
receiving bone marrow transplants across the full MHC barrier. 
The major contribution was the finding that the major rate 
limiting toxicity of DT 390 anti-CD3sFv in mice was renal. 
Three sets of data support this observation including histologic 
detection of severe renal damage, biodistribution data indicat- 
ing localization of DT 390 anti-CD3sFv to the kidney, and 
creatine and BUN levels indicating a high level of dysfunction. 

Our findings are in agreement with the limited toxicity 
information that has been reported in the literature. In earlier 
studies, Kirkman and co-workers (Kirkman et al., 1989) evalu- 
ated an IL-2 fusion toxin missing the DT binding domain 
(consisting of IL-2 and DT486) and reported that toxicity was 
largely limited to the renal system. In mice treated i.v. for 5 
days, the MTD was 42 M-g/day (1.7 mg/kg). Mild renal tubule 



1074 



Dose limiting toxicity of DT 3 »oanti-CD3sFv 



Mac-1 



Gr-1 



DT39o«CD3sFv 
20ug/day 





DT 390 aCD3sFv 






Fig. 4. Sections of liver (objective lens 40X) from » mouse receiving DT^anti^DSsFv. Cryosections were stained by immunoperoxidase *** biotinyia^d 

monoclonal antibodies for Mac-1 or Gr-1. 



epithelial damage associated with significant elevations in 
BUN and serum creatinine occurred at the next highest dose 
escalation 3.4 mg/kg at which death occurred in some mice. 
In a different study (Lakkis et al, 1991), an IL-4 fusion IT 
consisting of IL-4 and DT389 (similar to our DT 390 ) given to 
mice subcutaneously at a dose of 2, 5 or 10 u.g/day for 10 
days has a similar MTD to DT 390 anti-CD3sFv (10 fig/day). In 
mice given 20 |ig/day, 2 of 3 mice died and serum chemistry 
revealed markedly elevated BUN and creatinine. Histopathol- 
ogic examination of these mice revealed extensive necrosis of 
proximal renal tubular cells. As in our studies, hepatocytes 
had vacuolated cytoplasms but very little cellular necrosis was 
noted. Together with our studies, a pattern of toxicity emerges 
and at least some conclusions can be drawn, (i) In mice, the 
limiting toxicity is renal, (ii) Similar non-specific renal effects 
are observed despite targeting the CD3, IL-2 or IL-4 receptors, 
(iii) Renal toxicity was rate limiting regardless of whether the 
construct consisted of DT 389 , DT 390 or a longer portion of the 
DT B fragment (DT486). (iv) The therapeutic window of our 
agent defined by dividing the MTD by the dose which gave 
an optimal anti-GVHD effect is quite narrow. Our previous 
study indicated that a dose of 2 ^g/day DT 390 anti-CD3sFv 
achieved efficacy, while the MTD was 1 0 *ig/day. 

A unique point of our studies is that the presence of anti- 
CD3sFv does reduce toxicity. Toxicity was enhanced when 
the CD3 component of the T cell receptor was absent from 
our studies using scid hosts. Scids reduced the MTD from 10 
to 5 Hg/day. These mice, due to deficiency of the enzyme 
recombinase which is required for T cell receptor gene 



rearrangement, are genetically incapable of producing mature 
T cells (Bosma et aL, 1983). Thus, one interpretation of our 
data is that absence of CD3 + T cells permits more DT 390 anti- 
CD3sFv to localize to the kidney. In these studies, 10 ^g/day 
dosage produced more severe hepatic damage in scids than it 
did in normal mice. This was not likely due to a difference in 
susceptibility since our studies showed that normal or scid 
C57BI76 mice were similarly effected by the administration 
of DT 390 alone. The localization theory is supported by the 
fact that when administered alone, DT 390 was at least fourfold 
more toxic to mice than an identical dose of DT 390 complexed 
with anti-CD3sFv in the form of DT 390 anti-CD3sFv. 

The toxic effects observed in our studies are also related to 
DT 390 . In past studies we have shown that CD3 targeting with 
a divalent antibody containing an Fc region triggers the TCR 
resulting in life-threatening side effects (Blazar etal, 1991). 
Activation does not occur with DT 390 anti-CD3sFv since it is 
not divalent and does not contain an Fc region (Vallera et al, 
1996). Thus, there is no contribution of the binding moiety to 
T cell activation-related toxicity. Fusion toxin treatment 
resulted in enhanced levels of macrophages and neutrophils. 
This might be explained by neutrophil presence related to 
trauma or perhaps elevation of inflammatory cytokines. 

The renal toxicity observed in our studies may relate to the 
filtration of the small 58 kDa DT 390 anti-CD3sFv into the 
kidney. The kidney plays the major homeostatic role of 
maintaining the volume and composition of the body fluids 
largely through glomerular filtration and tubular reabsorption 
and secretion and small proteins readily enter the kidney. 
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Also, the renal toxicity observed may be species specific. 
When the pharmacokinetics of DAB486IL-2 were measured 
in rats, the primary site of distribution outside of the vasculature 
was the liver (Bacha etal, 1990). Studies with DT and its 
various mutants have also indicated that untargeted DT has 
different effects in different species (Pappenheimer etal, 
1982). It has been known since the time of Loeffler (Loeffler, 
1884) and Roux and Tersin (Roux and Yersin, 1888) that mice 
and rats are more resistant to the lethal action of diphtheria 
toxin than most other species when administered by ordinary 

routes of injection. 

We do have some knowledge related to the mechanism of 
the non-specific toxicity of truncated DT. There are four 
hydrophobic domains (residues 269-289, 301-321, 33S-358 
and 4 1 8-439) in the B fragment which are likely to interact with 
the eukaryotic membrane (Eisenberg etal, 1984). CRM45, a 
DT mutant (Uchida et al, 1971) lacking 149 carboxy terminal 
amino acids and the fourth of the four hydrophobic domains, 
is a protein that is nearly identical to DT 390 - Removal of the 
149 amino acids enhances the reactivity of the remaining 
hydrophobic regions with membranes so that CRM45 (and 
DT 390 by analogy) forms channels in artificial lipid bilayers 
(Kagan etal, 1981) and is readily inserted into membranes 
(Boquet etal, 1976). It is possible that when a sufficient 
number of DT 390 molecules are filtered into the kidney, the 
toxin becomes concentrated enough to gain cytosol entry, even 
without the use of the specific DT cell surface receptor. 
Perhaps these hydrophobic regions should be targets of future 
mutagenesis studies. 

In conclusion, the toxicity that we have observed for 
DT 3 9oanti-CD3sFv is mostly renal, but the increased under- 
standing of this toxicity may help in designing future fusion ITs. 
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Abstract 

Recently, we have demonstrated that a spectrum of 
human adenocarcinoma cell lines express binding sites for 
interleukin 13 (IL-13). These cells are killed by a chimeric 
protein composed of human (h) IL-13 and a derivative of 
Pseudomonas exotoxin, PE38QQR (Debinski et aL f J. Biol. 
Chem., 270: 16775-16780, 1995). The cell killing was hlL- 
13- and hIL~4-specific, indicating that a common binding 
site for the two cytokines is present in several solid tumor 
cell lines. Herein, we report that an array of established 
glioma cell lines is killed by very low concentrations of 
hIL-13-PE38QQR, often reaching <1 ng/ml (<20 pM). Gli- 
oma cells express up to 30,000 molecules of IL-13 receptor/ 
cell which has intermediate affinity toward hIL-13. hIL-13- 
PE38QQR is more active (up to 3 logs difference in cytotoxic 
activities) than are the corresponding chimeric toxins con- 
taining hIL-4 or hlL-6. The cytotoxic action of hIL-13- 
PE38QQR is blocked by an excess of hIL-13 on all cell lines 
studied, and it is not neutralized by hIL-4 on some of these 
cells. Our results show that human brain cancers richly 
express receptors for IL-13. Furthermore, the interaction 
detected previously between receptors for IL-13 and IL-4 on 
solid tumors cell lines is of a qualitatively different character 
in U-251 MG and U-373 MG glioma cells. The receptor for 
IL-13 may represent a new marker of brain cancers and an 
attractive target for anticancer therapies. 
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Introduction 

The outcome for patients with malignant brain tumors is 
bleak even when the best available radiation therapy, surgery, 
and chemotherapy are used (1). An extensive effort to imple- 
ment specific and effective modalities of treatment includes the 
search for brain tumor-specific or brain tumor-associated tar- 
gets. Such targets could be used in designing nonchemothera- 
peutic cancer treatment strategies. Chimeric toxins represent a 
promising approach in the treatment of brain tumors (2-4). 

Chimeric toxins are composed of a targeting ligand, such as 
a growth factor, and a genetically engineered bacterial toxin 
moiety, such as the PE 3 molecule (2). PE is a three-domain 
protein (2, 5, 6; Fig. IA). Domain la of PE binds to a 2 - 
macroglobulin receptor (7), domain II is cleaved by furin (8, 9) 
and then catalyzes the translocation of the toxin into the cytosol, 
and domain III contains the ADP-ribosylation activity that in- 
activates elongation factor 2 and leads to cell death (10). To kill 
a cell, PE must be proteolyzed by furin to produce a M, 37,000 
COOH-terminal fragment composed of all of domain HI and 
portion of domain II (2). This M, 37,000 fragment penetrates the 
cytosol (11). On the basis of the known structure-function 
relationship of PE, several mutated versions of the toxin have 
been used to make chimeric toxins (2). One of these is 
PE38QQR, which is deprived of domain la and a portion of 
domain lb and does not have a single lysine residue in its entire 
sequence (12). 

To date, receptors for several growth factors have been 
identified to be distinctively overexpressed on brain tumors 
versus normal brain tissue. For example, EGFRs are detected in 
a relatively large number of human brain cancers (13-17). The 
ligands to this receptor, in the form of a mAb or a naturally 
occurring transforming growth factor a, have been used to target 
brain tumors with toxins or isotopes. Both preclinical and clin- 
ical studies have provided promising results (3, 4, 18, 19). The 
IGFRs and FGFRs are also present on brain tumors (20-22). 
However, as judged by the limited responsiveness of brain 
malignant cells to a chimeric toxin containing either IGF or FGF 
and PE, the numbers of IGFRs and FGFRs are low, or they do 
not internalize well on brain tumor cells (3). This may render 
IGFRs and FGFRs more suitable for differentiation-oriented 
therapies than for targeting toxins, drugs, or isotopes to them. 

Recently, we have demonstrated that a fusion protein com- 
posed of hIL-13 and a derivative of PE, PE38QQR, is cytotoxic 
to a spectrum of human adenocarcinoma cell lines (23). The 



3 The abbreviations used are: PE, Pseudomonas exotoxin: aa, amino 
acid; CT, chimeric toxin; EGF, epidermal growth factor; FGF, fibroblast 
growth factor; h, human; r, recombinant; R, receptor; IL. interleukin; 
1C«„ 50% inhibitory concentration; IGF, insulin-like growth factor, 
TGF, transforming growth factor; mAb, monoclonal antibody. 
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cytotoxic effect of HIL-13-PE380QR is ML-13- and hIL-4- 
specific because of the many similarities between the two cy- 
tokines (23, 24). Furthermore, brain tumors have been shown 
previously to express hIL-4-binding sites and to be sensitive to 
the cytotoxic action of an ML-4-based chimeric fusion protein, 
ML-4-PE4E (25, 26). For these reasons, it was of interest to test 
the cytotoxic activity of ML-13-PE38QQR on human brain 
tumor eel) lines. 

Materials and Methods 

Materials. Restriction endonucleases and DNA ligase 
were obtained from New England Biolabs (Beverly, MA), BRL 
(Gaithersburg, MD), and Boehringer Mannheim (Indianapolis, 
IN). [ 3 H]Ieucine and i25 \ were purchased from Amersham Corp. 
(Arlington Heights, IL). Fast protein liquid chromatography 
columns and media were purchased from Pharmacia (Piscat- 
away, NJ). Oligonucleotide primers were synthesized at Phar- 
macia's Gene Assembler (Research Centre, Hotel-Dieu Hospi- 
tal, Montreal, Quebec, Canada). The PCR kit was from Perkin 
Elmer/Cetus (Norwalk, CT). hIL-4 and ML-13 were made by 
W. D. (23). 

Plasmids, Bacterial Strains, and Cell Lines. Plasmid 
huIL-13-Tx, which encodes ML-13-PE38QQR (23), and plas- 
mid pWDMH4-38QQR (27), which encodes ML-4-PE38QQR 
recombinant protein, both carry a T7 bacteriophage late pro- 
moter, a T7 transcription terminator at the end of the open- 
reading frame of the protein, an fl origin of replication, and a 
gene for ampicillin resistance (28, 29). 

Recombinant proteins were expressed in Escherichia coli 
BL21 (XDE3) under the control of the T7 late promoter (28). 
Plasmids were amplified in £ coli (HB101 or DH5-ct high- 
efficiency transformation; BRL), and DNA was extracted by 
using Qiagen kits (Chatsworth, CA). 

Construction oia Plasmid Encoding ML-13-PE38QQR. 
The chimeric gene encoding hIL-13 fused to PE38QQR (plas- 
mid huIL-13-Tx) was constructed by amplifying hlL-13 using 
the PCR protocol, as described previously (23). Several plas- 
mids used in this study were sequenced by using the 
dideoxynucleosides termination method with the United States 
Biochemical (Cleveland, OH) Sequenase Ver. 2.0 kit. 

Expression and Purification of Recombinant Proteins. 
E. coli BL21 (XDE3) cells were transformed with plasmids of 
interest, cultured in 1.0 liter of super broth with 100 p.g ampi- 
cillin, 4 g glucose, and 0.4 g MgSCVl.O liter culture. The cells 
were grown up to A A5I) = 1.0-2.5 and induced with isopropyl- 
P-D-thiogalactoside for 90 min. The separation of different 
cellular fractions was performed as described previously (23, 
25, 30), and ML-13-PE38QQR and hIL-4-PE38QQR, as well as 
hIL-4 and hIL-13, were localized to the inclusion bodies. The 
procedure for isolation of the chimeric proteins from the inclu- 
sion bodies also was described previously (25). The proteins 
were dissolved in 6 M guanidine solution, and renaturation was 
carried out in a dithioerythritol and oxidized glutathione reduc- 
tion-oxidation mixture. After dialysis against 20 mM Tris-HCI 
(pH 7.4)-5 mM EDTA, the monomer of hIL-13-PE38QQR was 
first purified by chromatography on a Q-Sepharose Fast Flow 
column (HR 16/10). The renatured protein was eluted from 
Q-Sepharose with NaCl, and early fractions contained a pre- 



dominantly monomeric form of the chimeric proteins. Addi- 
tional purification was carried out on a size-exclusion chroma- 
tography column (Sephacryl S-200, HR 16/50). 

Protein Synthesis Inhibition Assay. The cytotoxic ac- 
tivity of CTs was tested on brain tumor cell lines. This group of 
cells is represented by human gliomas and includes U-373 MG, 
DBTRG-05 MG. A- 172, Hs 683, U-251 MG, T-98G, SNB-19, 
and SW-1088, as well as one human neuroblastoma SK-N-MC 
cell line. Most cell lines were obtained from American Type 
Culture Collection (Rockville, MD), and they were maintained 
under conditions recommended by the supplier. The SNB-19 
cell line was obtained from the National Cancer Institute/Fred- 
erick Cancer Research Facility, Division of Cancer Treatment 
tumor repository. The SW-1088 cell line was a gift from Dr. J. 
Connor (Pennsylvania State University College of Medicine, 
Hershey, PA). Both SNB-19 and SW-1088 cell lines are of 
neuroglial origins. 

Usually, 1 x 10 4 cells/well were plated in a 24-well tissue 
culture plate in 1 ml of medium, and various concentrations of 
CTs were diluted in 0.1% BSA-PBS, and 25 u.1 of each dilution 
was added to 1 ml of cell culture medium. After 20-h incubation 
with CTs, l 3 H]leucine was added to the cells for 3-5 h, and the 
cell-associated radioactivity was measured using a beta counter. 
For blocking studies, (a) rhIL-13 or (b) rhIL-4 was added to 
cells for 20 to 30 min before the addition of CTs. Data were 
obtained from the average of duplicates, and the assays were 
repeated several times. 

Competitive Binding Assay. The rhlL-13 was labeled 
with ,25 I (Amersham) by using the IODO-GEN reagent (Pierce 
Chemical Co., Rockford, IL) according to the manufacturer's 
instructions, as described previously (24). The specific activity 
of the radiolabeled cytokines was estimated to range from 20 to 
100 u,Ci/u.g protein. 

For binding experiments, typically I X 10* tumor cells 
were incubated at 4°C for 2 h with ,25 I-labeled hlL-13 (100 pM) 
with or without increasing concentrations (up to 500 nM) of 
unlabeled cytokine. The data were analyzed with the LIGAND 
program (31) to determine receptor number and binding affinity. 

Results 

To construct the CT, the coding region of the hfL-I3 gene 
was fused to a gene encoding a mutated form of PE, PE38QQR 
(Fig. M; Ref. 23). ML-13-PE38QQR is composed of 474 aa, 
360 of which are from PE. The sequence from PE represents aa 
253-613 of PE, with the deletion of aa 365-380 and mutations 
at positions 590, 606, and 613 to two glutamines and arginine 
(QQR; Ref. 12). The chimeric gene is in a bacterial vector under 
the control of a bacteriophage T7 late promoter; the protein was 
expressed in E. coli BL21 (XDE3), as described previously (23, 
25). The final step of hlL-13-PE38QQR purification was carried 
out on a Sephacryl S-200 HR Pharmacia column. hlL-13- 
PE380QR appeared as a single entity, thereby, demonstrating 
the very high purity of the recombinant protein (23). 

ML-13-PE38QQR Is Very Cytotoxic to Many Human 
Glioma Cell Lines. Although h!L-13-PE38QQR has been 
shown to cause cell death in various tumors (23), the sensitivity 
of brain tumors to this CT has not been examined. Therefore, we 
tested nine established human brain cancer cell lines to deter- 
mine whether hlL-13-PE3800R is cytotoxic to them. These cell 
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lines were available to us immediately for experimentation. We 
first examined cancers derived from glial cells. The cancer cells 
were sensitive to hlL-13-PE38QQR; CT concentrations that 
caused 50% inhibition in tritiated leucine incorporation (ICv,) 
ranged from <0.1 ng/ml to >300 ng/ml (2 pM-6.0 nM). Three 
groups of cell lines emerged, according to their responsiveness 
to the CT. The first group comprised the largest number of cell 
lines and was killed by ML-13-PE38QQR at the lowest concen- 
trations; ICjh, ranging from <(U to 0.5 ng/ml (2-10 pM) were 
recorded (Fig. IB). U-373 MG, U-251 MG (Figs. \B % 2, and 3), 
SNB-19 (IC*, = 0.05 ng/ml), and A-172 (1C W = 0.05 ng/ml) 
glioma cells were killed with these low concentrations of hIL-13 
toxin. The second group of glioma cell lines, composed of 
DBTRG MG and Hs-683 cells, also responded very well to the 
hIL-13 toxin, and the IC*, ranged from 1 to 10 ng/ml (20-200 
pM; Fig. \B). The third group of glioma cell lines, composed of 
T-98G and SW 1088, had poorer responses; IC,,, were 300 and 
>1000 ng/ml, respectively. The only human cancer cell line of 
neural origin tested, the SK-N-MC neuroblastoma cell line, 
responded relatively poor to the chimeric toxin."* The cytotoxic 
action of h!L-!3-PE38QQR was specific because it was blocked 
by a 10- or 100-fold excess of hIL-13 on the studied cells (Fig. 
2). These data indicate that most of the human glioma cancer 
cells examined possess hIL-13-binding sites, and such cells are 
extremely, sensitive to ML-13-PE38QQR. 

Cytotoxic Activities of Other Cytokine-based Chimeric 
Proteins in Glioma Cells. Next, we compared the cytotoxic 
action of hIL-13-PE38QQR with that of the CTs containing 
other ILs, such as hIL-4 or hlL-6. It has been shown previously 
that some glioma cell lines can be killed by ML-4-PE4E (26); 
IC^ exceeded 10 ng/ml. As seen in Fig. 3, ML-13-PE38QQR 
was cytotoxic to U-251 MG, U-373 MG, and DBTRG MG cell 
lines; IC^s were much less than 10 ng/ml. In addition, we tested 
hIL-4-PE38GOR, a hIL-4-based CT resembling hIL-13- 
PE38QQR, and found that it killed glioma cell lines, but that it 
did at concentrations of 1 to almost 3 logs higher than that of the 
hlL-13-based toxin (Fig. 3). The IC W for ML-4-PE38QQR were 
higher than the IC 5U seen with the hIL-4-PE4E variant of the 
CT* (25, 26), which is consistent with observations made with 
other growth factor-based chimeric proteins (32). It is of interest 
that ML-6-PE40 also was active on some human glioma cells 
(shown in Fig. 3), and its activity was similar to or higher than 
that of the hIL-4 toxin; still, it was less active than was the 
hlL-13-based chimeric protein. These results clearly show that 
most of the studied human glioma cell lines are extremely 
sensitive to hlL-13-PE38QQR. The cytotoxic activity of this 
chimeric protein is considerably belter than that of other 1L- 
based CTs. 

rhIL-4 Does Not Neutralize the Cytotoxicity of hIL-13- 
PE38QQR on Glioma Cells. We have demonstrated previ- 
ously that the action of ML-13-PE38QQR on several solid 
tumor cell lines is hIL-13- and hIL-4-specific (i.e., it can be 
blocked by these two cytokines but not by IL-2; Ref. 23). 
However, we also have observed that hIL-4 cannot compete for 
hlL-13-binding sites (24), and it cannot block the cytotoxic 
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Fig. I A, schematic drawing of multidomain proteins: PE and hlL- 
I3-PE3800R. Circles correspond to the structural domains of PE: 
domain la (aa 1-252) is a binding domain, domain II (aa 253-364) is a 
place of the proteolytic cleavage by furin (interrupted line), domain lb 
has no known function (aa 365-404), and domain III (aa 405-613) is 
ihe ADP-ribosylating domain. For PE380QR: domain la and aa 365- 
380 in lb are deleted, and Ihe three lysine residues in domain III at 
positions 590, 606, and 613 arc changed to two glutamines and arginine 
(QQR, Ref. 12). Rectangle. IL-13. B, cytotoxicity of ML-13-PE380QR 
on human glioma cells. Dashed lines, 50% of ^HJIeucinc incorporation. 
CONC, concentration. 



action of the hIL-13-based chimeric protein on some other 
cancer cell lines. 5 For these reasons, we added hIL-4 to glioma 
cells and then treated them with ML-13-PE38QQR. We found 
that hIL-4 was ineffective in preventing Ihe cytotoxicity of 
hlL-l3-PE38QQR on both U-251 MG and U-373 MG cell lines 
(Fig. 4). Conversely, hIL-13 did not significantly prevent the 
cytotoxic activity of ML-4-PE38QQR. 4 Therefore, the cytotox- 
icity of hlL-13-PE3800R is blocked by an excess of hIL-13 but 
not hIL-4, and the cytotoxic action of ML-4-PE38QQR is not 
blocked by ML- 13. 

Human Glioma Cell Lines Express a Number of Recep- 
tors for IL-13. It was important to determine whether the 
human glioma cell lines express detectable binding sites for 
hIL-13. This supports the notion that the cytotoxic activity of 
hIL-13-PE380QR is specific and mediated by hlL-13Rs. To 
investigate this, we performed competitive binding assays. The 
iodination of hIL-13 and the binding experiments were carried 
out as described in " Materials and Methods." Unlabeled ML- 13 
competed for the binding of l25 I-hIL-13 to U-373 MG cells 



4 W. Debinski. unpublished observations. 



5 R. K. Puri, unpublished observations. 
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Fig. 2 Inhibition of the cytoloxicity of ML-13-PE38QQR on glioma 
cell lines by rblL-13. rhIL-13 was added at a concentration of 1 »tg/ml. 
Dashed tines, 50% of ('HJlcucine incorporation. hIL-l3-PE38QQR; 
O, ML-13-PE38QQR + rhIL-13. 



efficiently (Fig. 5). The Scatchard plot analyses of displacement 
experiments revealed one single binding site for ML- 13 of 
intermediate affinity (*«, = 1.8 nM; Fig. 5, inset). There are 
approximately 16,000 binding sites for hIL-13 on the U-373 MG 
cell line. In addition, we evaluated the presence of ML-13R in 
other human glioma cell lines (Table 1). As seen in Table 1, the 
glioma cells had hIL-13Rs ranging from 500 to 30,000 mole- 
cules/cell. The hIL-13Rs expressed in human glioma cells are of 
intermediate affinity; K d ranged from 1 to 2 nM. It is noteworthy 
that four of five cell lines studied had very high numbers of 
ML-13R (i.e., above 15,000 molecules/cell). The very same cell 
lines also were the most responsive to the action of hIL-13- 
PE38QQR (Table 1). The T-98G cell line was poorly responsive 
to the hIL-13 toxin 5 and was found to have only approximately 
500 hIL-13-binding sites/cell (Table 1). Therefore, specific hlL- 
13Rs are expressed in glioma cell lines, and they mediate the 
cytotoxicity of hIL-13-PE38QQR. 

Discussion 

This study shows, for the first time, that human glioma cell 
lines express large numbers of the receptor for the newly dis- 
covered cytokine IL-13. Furthermore, it is possible to target 
ML-13R with a CT composed of IL and a derivative of PE, 
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Fig. 3 Inhibition of protein synthesis in different glioma cell lines by 
ML-13-PE38QOR (•)♦ hIL-4-PE38QQR (□). and hlL-6-PE40 (A). 
Dashed lines, 50% of [ 3 H]leucinc incorporation. 



PE380QR. The ML-13-PE38QQR is extremely active on sev- 
eral glioma cell lines, and most of these cell lines are killed by 
the CT at the concentrations <1 ng/ml (<20 piw). These low 
concentrations can only be compared with the activity of an- 
other chimeric protein, transforming growth factor a-PE, which 
targets the EGFRs on cancer cells (2, 3). 4 These findings may 
have identified a new widely spread marker/target of brain 
cancers. 

The action of hIL-13-PE38QQR on glioma cells is hIL-13 
specific because (a) hIL-13 by itself blocks the cytotoxicity of 
the CT on all of the studied cell lines; and (b) rhlL-4 does not 
prevent the cytotoxic action of hIL-13-PE38QQR on U-251 MG 
and U-373 MG glioma cells. The latter observation differs from 
the one made on adenocarcinomas of the skin, stomach, and 
colon origins (23). The action of hIL-13-PE380QR was blocked 
efficiently by rhIL-4 on these adenocarcinoma cell lines. As 
documented in our previous reports (23, 24) and suggested by 
others (33), receptors for IL-4 and IL-13 are complex, and they 
have some common features detected in various systems, such 
as normal or malignant human cells. However, the U-251 MG 
cell line does not bind rhIL-4 in a standard binding assay at 4°C 
(26), whereas the number of hIL-13-binding sites is high on 
these cells. This phenomenon most likely explains why rhIL-4 
does not block the action of ML-13-PE38QQR on these cells. 
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Fig. 5 Competitive binding assay on U-373 MG glioblastoma cells. 
Date are a percentage of total '"Mabeled-hlL-13 binding to cells. 
Points, mean of two determinations. Similar data were obtained on three 
other glioma cell lines. fi/F, bound-free ratio. 
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Fig, 4 Blocking the cytotoxicity of hlL-13-PE38QQR by hIL-4. 
rhlL-4 was added at a concentration of 1 .0 u.g/ml. Dashed lines, 50% of 
['HJIeucine incorporation. hIL-13-PE38QQR; h!L-13-PE380QR 
+ hIL-4. 



Table I hlL13 binding to human glioma cells 



Therefore, the ML-13R and HIL-4R in some glioma cells are 
different from those found in several solid tumor cell lines. The 
molecular basis for this observation is under additional investi* 
gation. It is important that similar findings were made on some 
renal eel) carcinomas. 3 

hIL-13-PE38QQR is considerably more active on glioma 
cell lines than is the CT based on ML-4. The most plausible 
reason for this difference is the difference in numbers of IL-13 
and IL-4 molecules that can be bound by glioma cells. Many 
human glioma cells bind > 15,000 and up to 30,000 molecules 
of IL-13/cell, whereas Ihese cells bind from <3,000 to very few 
molecules of lL-4/ceII (26). It is of interest that some human 
glioma cells also can be killed by a CT containing hIL-6 (32). 
However, the potency of hIL-6-PE40 chimeric protein is lower 
from that of ML-13-PE38QQR. 

Additional studies are underway to show the potential of 
hIL-13-based CT for its in vivo antitumor effect. Pilot experi- 
ments suggest a potent antitumor activity of the chimeric pro- 
tein. 4 We already have produced two other forms of a hIL-13- 
toxin that are almost ten times more cytotoxic than hIL-13- 
PE38QQR. 4 These CTs will be used in animal models of human 
gliomas. We also have begun to screen primary cultures of 
human gliomas for their expression of IL-13R and responsive- 
ness to the hIL-13-toxins. 

In summary, many human glioma cell lines contain large 
number of IL-13R. The high levels of expression of this receptor 
make human glioma cells extremely susceptible to the cytotox- 
icity of hIL-13-PE38QQR chimeric fusion protein. Additional 



Cell line 



Binding sites 0 
molecules/cell 



ML13-PE38QQR 
* d (nM) ICjK, (ng/ml) 



A172 
U-251 MG 
SNB-19 
T-98G 
U-373 MG 



22,600(15) 
28,000(12) 
17,580(19) 
549 (37) 
16.400(14) 



1.6 
2.1 
1.4 
1.0 
1.8 



<1 

<1 

<1 

200 

<1 



- Cells (1 X 10*) were incubated with ,M I-labeled-hIL-13 (100 pM) 
with or without increasing concentrations (up to 500 riM) of unlabeled 
hIL-13. Displacement curves and Scatchard analyses were generated 
from the binding data using the LIGAND program (31). Numbers in 
parentheses, % coefficient of variation. 



studies are underway to evaluate ML-13R as a possible marker 
of and therapeutic target for human brain cancers. 
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Characterization of a ricin fusion toxin targeted to the 
interleukin-2 receptor 



Arthur E.Frankel, 1 * 4 Chris Burbage, 1 Tao Fu, 1 

Edward Tagge, 2 John Chandler 2 and Mark Willingham 3 

Departments of 'Medicine, 2 Surgery and 3 Pathology, Medical University of 
South Carolina, Charleston, SC 29425. USA 
^o whom correspondence should be addressed 

Fusion toxins are hybrid proteins consisting of peptide 
ligands linked through amide bonds to polypeptide toxins. 
The Ugand directs the molecule to the surface of target 
cells and the toxin enters the cytosol and induces cell death. 
Ricin is an excellent candidate for use in fusion toxins 
because of its extreme potency, the extensive knowledge of 
its atomic structure and the lack of prior immunological 
exposure in patients. We synthesized a baculo virus transfer 
vector with the polybedrui promoter followed sequentially 
from the 5' end with DNA encoding the gp67A leader 
sequence, the tripeptide ADP, IL-2 (interleukin-2), another 
ADP tripeptide and RTB (ricin toxin B chain) with lectin - 
site mutations W37S and Y248H. Recombinant baculovirus 
was generated in Sf9 insect cells and used to infect Sf9 
cells. Recombinant IL-2-RTB [W37S/Y 248H] protein 
(fusion protein of DL-2 with modifications W37S and 
Y248H) was recovered at high yields from day 6 insect cell 
supernatants, partially purified by affinity chromatography 
and reassociated with RTA (ricin toxin A chain). The fusion 
toxin was soluble, immunoreactive with antibodies to RTB, 
IL-2 and RTA and had a molecular weight of 80 kDa by 
SDS-PAGE. The molecule reacted poorly with asialofetuin, 
but bound strongly to IL-2 receptor based on selective 
cytotoxicity to EL-2 receptor bearing cells. The specific 
cytotoxicity could be blocked with IL-2 but not lactose. 
Thus, we report a novel targeted fusion toxin protein with 
full biological activity. 
Keywords: IL-2 fusion toxin/ricin 



Introduction 

Ricin toxin, the heterodimeric 65 kDa glycoprotein produced 
in the seeds of Ricinus communis plants, is composed of a 
33 kDa lectin B chain [ricin toxin B chain (RTB)] disulfide 
linked to a 32 kDa RNA //-glycosidase A chain [ricin toxin 
A chain (RTA)] (Olsnes et aL, 1974). The toxin acts 
sequentially to bind p-gaiactosyl pyranoside moieties on cell 
surface glycoproteins (Baenziger and Fiete, 1979), internalizes 
by receptor-mediated endocyotosis into endosomes (Sandvig 
and Olsnes, 1982) and undergoes sorting in the Golgi (Youle 
and Colombatti, 1987) followed by transport to a distal 
intracellular compartment which may be the endoplasmic 
reticulum (Wales et aL, 1993). Interchain disulfide reduction 
(Masuho et aL, 1982) and unfolding of RTA (Argent et aL, 
1994) lead to translocation across the membrane bilayer and 
release of RTA into the cytosol. Once in the cytosol, RTA 
catalytically depurinates a critical adenine base from 28S 
ribosomal RNA causing loss of elongation factor binding 
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to the ribosome and irreversible inactivation of protein 
synthesis (Endo and Tsurugi, 1987). 

Targeted toxins employing ricin have .been synthesized 
and used in clinical trials of lymphoma with moderate 
clinical activity (Grossbard et aL, 1993; Sausville et aL, 
1995). The normal tissue binding sites on RTB have been 
removed by either deletion of the entire RTB subunit (Vitetta 
et aL, 1982) or chemically blocking the lectin sites on RTB 
with an affinity cross-linker (Lambert et ai., 1991). The 
toxic moieties were then chemically conjugated to anti- 
lymphoma murine monoclonal antibodies. The limited clinical 
efficacy observed may in part have been due to the 
large size of the conjugates (200 kDa) reducing capillary 
permeability, the heterogeneity of the hybrid proteins (the 
N-succinimidyl coupling agent reacts with any lysine on the 
antibody ligand) and the loss of the intoxication enhancement 

functions of RTB. 

One approach to improving the pharmacologic properties 
of targeted ricin molecules is to genetically engineer the 
toxin and ligand into a single small well defined molecule. 
O'Hare expressed an RTA-diphtheria toxin loop-Staphylococ- 
cal protein A chimera in Escherichia coli (O'Hare et aL, 
1990). The protein was enzymaucally cleaved with trypsin, 
mixed with antibody and tested for cytotoxicity to antigen- 
positive cells. The immunoconjugate was cytotoxic, but the 
disulfide loop was exposed on the surface of the conjugate 
and readily reduced. The molecule was large (>200 kDa) 
and heterogeneous due to varying sites of protein A- 
immunoglobulin binding. Cook reported the expression of IL- 
2-diphtheria toxin loop-RTA and IL-2-factor Xa recognition 
sequence-RTA fusions (Cook et aL, 1993). In both cases, 
the disulfide loop failed to form and proteolysis with trypsin 
or factor Xa released free ligand and toxin. Uncleaved 
chimeras showed no toxicity to IL-2 receptor bearing cells. 
Westby expressed preproricin containing a factor Xa-specific 
site in the linker sequence in Xenopus oocytes (Westby 
et aL, 1992). The product was produced at very low levels 
and had minimal protease sensitivity and no IL-2 binding 
specificity. 

We have chosen an alternative approach for genetic 
engineering of ricin. We attached the ligand, IL-2, to the 
N-terminus of RTB and expressed the protein with a GP67A 
leader peptide in insect cells (Frankel et aL, 1995). 
Recombinant protein was purified from insect cell supernat- 
ants by affinity chromatography and reassociated with RTA. 
The fusion toxin was obtained in milligram yields and 
showed selective toxicity to EL-2 receptor bearing cells in 
the presence of lactose. We have subsequently produced 
recombinant RTB molecules with deficient lectin-site function 
(Frankel et aL, 1996a,b). Based on this work, we have 
chosen to link IL-2 to the RTB double lectin-site mutant 
W37S/Y248H and reassociate the product with RTA. In 
this paper, we report the expression, purification and 
characterization of a plant fusion toxin suitable for preclinical 
and clinical development. 
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Materials and methods 

Materials 

Restriction endonucleases, T4 Hgase and Wizard DNA puri- 
fication matrix were obtained from Promega (Madison, WI). 
[ 32 P]dCTP, [ 35 S]dATP and [ 3 H]leucine were obtained from 
Amersham (Arlington Heights, IL). Rabbit anti-ricin antibody, 
alkaline phosphase conjugated goat anti-(rabbit IgG), alkaline 
phosphatase conjugated goat anti-(mouse IgG), asialofetuin, 
a-lactose and other chemicals were purchased from Sigma 
(St Louis, MO). EX-CELL400 medium was obtained from JRH 
Scientific (Lexena, KS). Sf9 insect cells, TMNFH medium, 
BaculoGold DNA and pAcGP67A transfer vector were 
supplied by PharMingen (San Diego, CA). Low molecular 
weight prestained protein standards, nitrocellulose paper and 
other reagents for protein analysis were obtained from Bio-Rad 
(Hercules, CA). The Sequenase kit for dideoxy sequencing 
was obtained from USB (Cleveland, OH). The Random Primer 
labeling kit was provided by Siratagene (La Jolla, CA). Purified 
P2, P8 and PIO murine monoclonal antibodies to RTB and 
purified aBR12 murine monoclonal antibody to RTA were 
gifts from Dr Walter Blattler (ImmunoGen, Cambridge, MA). 
Mouse monoclonal antibody and rabbit polyclonal antibody 
to IL-2 were purchased from Genzyme (Cambridge, MA). 
RPMI1640 medium, leucine-free RPMI1640, penicillin, strep- 
tomycin, Dulbecco's phosphate-buffered saline (PBS), fetal 
bovine serum and dialyzed fetal bovine serum were obtained 
from GIBCO BRL (Grand Island, NY). The alkaline phosphat- 
ase Vectastain kit for Western blots was obtained from Vector 
Laboratories (Burlingame, CA). E1A plates, round-bottomed 
and flat-bottomed 96- well plates were purchased from Costar 
(Cambridge, MA). Plant RTB, ricin and RTA were obtained 
from Inland Laboratories (Austin, TX). Human recombinant 
IL-2 was a gift from Dr Kirsten Koths (Chiron, Emeryville, 
CA). HUT102 human leukemia cell line, CEM human leukemia 
cell line and KB human epidermoid carcinoma cell lines 
were obtained from the American Type Culture Collection 
(Rockville, MD). INVaF' E.coli cells were obtained from 
InVitrogen (San Diego, CA). Calf intestinal phosphatase was 
obtained from Boehringer-Mannheim (Indianopolis, IN). 

Construction of plasmid 

pAcGP67A-ADP-RTB[W37S/Y248H] plasmid containing a 
5o/nHI-£coRI DNA fragment coding for ADP-RTB[W37S/ 
Y248H] as described previously (Frankel et aL t 1996) was 
restricted with BamW, bound and eluted from a silica matrix, 
digested with calf intestinal phosphatase, heat inactivated and 
repurified on a silica matrix. The BamrU fragment encoding 
IL-2 prepared by PCR of pDW27 plasmid DNA as described 
previously (Frankel et ai f 1995) was isolated from pUCU9- 
IL-2 by digestion of cesium chloride density gradient purified 
plasmid with BamrU, agarose electrophoresis and binding and 
elution from a silica matrix. The 406 bp fragment was 
subcloned into pAcGP67A-ADP^RTB[W37S/Y248H]. The 
expression vector was maintained in INVaF' E.coli using 100 
Hg/ml ampicillin. Plasmid isolated by alkaline lysis followed 
by cesium chloride density gradient centrifugation was double- 
stranded dideoxy sequenced by the Sanger method (Sanger 
et o/., 1977). 

Expression of fusion toxin 

Sf9 Spodoptera frugiperda ovarian cells (2X10 6 ) maintained 
in TMNFH medium supplemented with \0% fetal calf 
serum and 50 |ig/ml gentamicin sulfate were co-trans fected 



with pAcGP67A-ADP-IL-2-ADP-RTB[W37S/Y248H] DNA 
(4 \ig) and 0.5 \ig of BaculoGold AcNPV DNA following the 
recommendations of the supplier. At 6 days post-transfection, 
the medium was centrifuged and the supernatant tested in a 
limiting dilution assay with Sf9 cells and dot blots with random 
primer [ 32 P]dCTP-labeled RTB DNA as described previously 
(Frankel et al. t 1994). Positive wells were identified and 
supernatants reassayed by limiting dilution until all wells up 
to dilution were positive. Two rounds of selection were 
required. Recombinant virus in the supernatant was then 
amplified by infecting Sf9 cells at a multiplicity of infection 
(m.o.i.) of 0.1, followed by collection of day 7 supernatants. 
Recombinant baculovirus was then used to infect 2X10 8 Sf9 
cells at an m.o.i. of 5-10 in 150 ml of EX-CELL400 medium 
with 25 mM a-lactose in spinner flasks. Media supernatants 
containing ADP-IL-2-ADP-RTB[W37S/Y248H] were col- 
lected at day 6 post-infection. 
Protein purification 

Media supernatants were adjusted to 0.01% sodium azide 
and maintained through all purification steps at 4°C. The 
supernatants were concentrated 15-fold by vacuum dialysis, 
centrifuged at 3000 g for 10 min to remove precipitate, dialyzed 
against 50 mM NaCI, 25 mM Tris (pH 8). 1 mM EDTA. 
0.01% sodium azide and 25 mM a-lactose (NTEAL), ultracen- 
trifuged at 100 000 g for 1 h and bound and eluted from a P2 
monoclonal antibody-acrylamide matrix as described previ- 
ously (Frankel et aL, 1994). P2 is an anti-RTB monoclonal 
antibody. The affinity matrix was prepared using Ultralink 
azlactone functionality bisacrylamide following the recom- 
mendations of the manufacturer. Recombinant protein was 
absorbed on the column in NTEAL, washed with 50 mM 
NaCI, 25 mM Tris (pH 8), 1 mM EDTA, 0.1% Tween 20, 
0.01% sodium azide, 25 mM a-lactose and eluted with 0.1 M 
triethylamine hydrochloride (pH 11). The eluate was neutral- 
ized with 1/10 volume of 1 M sodium phosphate (pH 4.25) 
and stored at-20°C until assayed. Four preparations were made. 

Characterization of recombinant protein 
The total protein concentration of the affinity column eluate 
was determined by measuring the absorbance at 280 nm. Since 
the optical densities of a 1 mg/ml solution of RTB and IL-2 
were 1 .4 and 0.7, respectively, a I mg/ml solution of fusion 
protein should have a mass-average optical density of 1.16. 
Protein was also quantitated by Bio-Rad protein assay accord- 
ing to the recommendations of the supplier. Aliquots of ADP- 
IL-2-ADP-RTB[W37S/Y248H], plant RTB and prestained 
low molecular weight standards were subjected to a reducing 
15% SDS-PAGE, stained with Coomassie Blue R-250 and 
scanned on an IBAS automatic image analysis system (Kontron, 
Germany). 

Immunological analysis was performed using both an ELISA 
and immunoblot format. Costar EIA microliter wells were 
coated with 100 Hi of 5 Hg/ml of monoclonal antibody P2, P8 
or P10 reactive with RTB or monoclonal antibody to IL-2, 
washed with PBS plus 0. 1 % Tween 20, blocked with 3% BSA, 
rewashed and incubated with samples of ADP-1L-2-ADP- 
RTB[W37S/Y248H], human IL-2 or plant RTB, rewashed, 
reacted with 1:400 rabbit antibody to ricin or 1:500 rabbit 
antibody to IL-2, washed again, incubated with 1 :5000 alkaline 
phosphatase conjugated goat anti-(rabbit IgG), rewashed, 
developed with 1 mg/ml p-nitrophenylphosphate in dieth- 
anolamine buffer (pH 9.6) and read on a Bio-Rad 450 micro- 
plate reader at 405 nm. 
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Aliquots of ADP-IL-2-ADP-RTB[W37S/Y248H], bacterial 
IL-2, recombinant RTB, plant RTB and prestained low molecu- 
lar weight protein standards were subjected to a reducing 15% 
SDS-PAGE, transferred to nitrocellulose, blocked with 10% 
Carnation non-fat dry miIk-0.1% bovine serum albumin 
(BSA)-0.I% Tween 20, washed with PBS plus 0.05% Tween 
20, reacted with either 1:400 rabbit antibody to ricin or 1:100 
mouse monoclonal antibody to IL-2 (5 Ug/ml), rewashed, 
incubated with alkaline phosphatase conjugated goat anti- 
(rabbit IgG) or anti-(mouse IgG), washed again and developed 
with the Vectastain alkaline phosphatase kit. 
Reassociation with RTA 

An 18 Mg amount of ADP-IL-2-ADP-RTB[W37S/Y248H] 
was mixed with 54 \ig of plant RTA in a total volume of 0.5 
ml of 0.1 M triethylamine-0.1 M sodium phosphate (pH 7), 
shaking overnight at room temperature. The reaction mixture 
was then analyzed by a modified ricin ELISA described 
previously (Frankel et aL, 1996). Reassociated mixtures were 
also analyzed by non-reducing SDS-PAGE followed by 
immunoblots with P2 and P10 anti-RTB monoclonal antibodies 
(10 iig/ml each), monoclonal antibody to IL-2 (5 u.g/ml) or 
monclonal antibody C(BR12 to RTA (10 u.g/ml) . Densitometry 
scanning with the automatic image analysis system was done 
to quantify the shift of immunoreactive material from 50 to 
80 kDa. 

Lectin activity of heterodimer 

Asialofetuin (1 u.g/ml) was bound to Costar EI A plate wells 
and an ELISA was performed as detailed previously with 
samples of ADP-lL-2-ADP-RTB[W37S/Y248H]-RTA and 
castor bean ricin (Frankel et a/., 1996). Briefly, the asialofetuin 
coated wells were washed with PBS plus 0.1% Tween 20, 
blocked with 3% BSA, rewashed and incubated with 12 
different concentrations of samples in EX-CELL400, rewashed 
and reacted with 100 jjil of biotinylated ccBR12 monoclonal 
anti-RTA antibody, rewashed and incubated with streptavidin- 
alkaline phosphatase, washed again and developed with 
p-nitrophenyl phosphate in 50 mM diethanol amine (pH 9.6). 
The absorbance of the wells was measured at 405 nm on a 
microtiter plate reader. The concentration of protein giving 
half-maximum binding was calculated. 
IL-2 receptor binding specificity 

HUT102 human T leukemia cells bearing the high-affinity IL- 
2 receptor, CEM human leukemia cells bearing the intermediate 
affinity IL-2 receptor and KB human epidermoid carcinoma 
cells lacking the IL-2 receptor were washed with PBS and 
attached to polylysine-coated tissue culture dishes and centri- 
fuged at 2000 g for 10 min. The cells were then incubated 
live at 4°C. The cells were washed with 2 mg/ml BSA in PBS 
and incubated in PBS plus BSA with I ug/ml castor bean 
ricin or IL-2-lectin-deficient ricin. The incubation was done 
at 4°C. The cells were then washed with PBS and incubated 
with aBR12 mouse monoclonal antibody to RTA (5 ug/ml) 
plus BSA for 30 min at 4°C. The cells were then washed with 
PBS and reacted with goat anti-(mouse Ig) conjugated to 
rhodamine (Jackson ImmunoResearch, West Grove, PA) at 25 
Ug/ml for 30 min at 4°C. The cells were washed again in PBS 
and fixed in 3.7% formaldehyde in PBS, mounted under a No. 
I coverslip in glycerol-PBS (90:10) and examined using a 
Zeiss Axioplan epifluorescence microscope. 

Cytotoxicity to mammalian cells 

Measurement of protein synthesis inhibition by ricin and ADP- 
IL-2-ADP-RTB[W37S/Y248H]-RTA in cultured cells was 



done as described previously using HUT 102, CEM and KB 
cells (Frankel et a/., 1995). All assays were performed in 
triplicate. Twelve different concentrations of toxins were used. 
The /£>5o was the concentration of protein which inhibited 
protein synthesis by 50% compared with control wells without 
toxin. There was no purification step after heterodimer reassoci- 
ation. The free RTA concentration at the highest concentration 
of heterodimer in the assay (5X I0" 7 M) was 1(T 7 M. On all 
three cell lines, the ID^ for free RTA was 2-3X I0" 6 M (Tagge 
et al. t 1995). Thus, in the range of heterodimer /D^p (lO* 10 - 
10" 12 M), the free RTA concentration (2X10- n -2XKr 13 M) 
should not produce cytotoxicity. 

Blocking of cytotoxicity with IL-2 or lactose 
HUTI02 cells (1.5X10 4 ) were placed in sterile Eppendorf 
tubes at 4°C in 100 \i\ leucine-poor RPMI1640 + 10% dialyzed 
fetal calf serum with or without 20 Jig/ml IL-2 or 60 mM 
a- lactose. Dilutions of IL-2-Iectin-site modified ricin and ricin 
at varying concentrations were added in identical medium with 
or without IL-2 or lactose and incubated at 4°C for 30 min. 
Cells were pelleted at 2000 g for 5 min, washed once with 
leucine-poor RPMI1640 + 10% dialyzed fetal calf serum, 
resuspended in 150 u.1 of the same medium and incubated at 
37°C in 5% C0 2 for 24 h. [ 3 H]Leucine was added as above 
and, 4 h later, cells were harvested with the PhD Cell Harvester 
and incorporated [ 3 H]leucine was measured in a liquid scintilla- 
tion counter. Blocking of selective cytotoxicity was estimated 
by comparing the ID S0 of toxins in the presence or absence of 
IL-2 or lactose. 

Results 

Yield and purity of ADP-IL-2-ADP-RTB[W37Sff248H] 
Five individual preparations from 100 ml of cell supernatants 
were partially purified. Peak eluate fractions contained 172, 
107, 86, 175 and 100 u.g of protein based on the absorbance 
at 280 nm. The Bio-Rad protein assay gave values of 80, 64, 
80 and 84 \ig of protein, respectively for preparations I, 3, 4 
and 5, using BSA standard. Densitometry of Coomassie- 
stained gels showed only a single detectable band at 50 kDa 
in each preparation (Figure I). However, P2 antibody ELISA 
showed the concentration of anti-RTB immunoreactive protein 
was 38, 50, 18, 28 and 30 u.g, respectively. Thus, the purity 
was between 16 and 47% based on absorbance, Bio-Rad 
protein assay and densitometry of Coomassie-stained gels. 

Immunologic cross-reactivity of ADP-IL-2-ADP-RTB[W37S/ 
Y248HJ 

Different monoclonal antibodies to RTB (P2, P8 and PI0) and 
an antibody to IL-2 reacted similarly with the fusion molecule 
based on antibody capture ELISA. The concentration of the 
fusion molecule was based on a comparison of P2 antibody 
binding with plant RTB, so that its relative binding is taken 
as 100%. Antibody P8 bound 140% as well with the fusion 
molecule as with plant RTB. Antibody P10 bound 150% as well 
with IL-2-lectin-deficient RTB as with plant RTB. Antibody to 
IL-2 bound the hybrid molecule 65% as well as with recombin- 
ant human IL-2 on a molar basis. 

Immunoblots demonstrated reactivity with the same 52 kDa 
band using anti-RTB or anti-IL-2 antibodies (Figure 2A and 
B). No weaker bands at lower molecular weight were observed 
with eiiher set of antibodies, suggesting the partial proteolysis 
found with IL^-'wild-type' RTB was not present with the 
lectin-deficient chimera. 
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Fig. 1. Coomassie-stairied 15% reducing SDS-PAGE of IL-2-muiant RTB 
fusion. Lane 1, low molecular weight prestained BioRad protein standard; 
lane 2, ADP-4L-2-ADP-RTB[W7S/Y24«H] 
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Fig. 2. Immunoblots of lL-2-mutarit RTB fusion and plant RTB. (A) P2 and 
P10 mouse monoclonal anubodies to RTB; (B) mouse monoclonal antibody 
to human IL-2, Lane 1, low molecular weight prestained Bio-Rad protein 
standards; lane 2, plant RTB in (A) and human IL-2 in (B); lane 3. 
ADP-lL-2-ADP-RTBfW37S/Y248H]. 



Reassociation with RTA 

Two preparations of fusion toxin heterodimer were made. 
Under the reaction conditions [10* 6 M of IL-2-lectin-deficient 
RTB and 3X10 -6 M of plant RTA, 0.1 M iriethylamine-0. 1 
M sodium phosphate (pH 7), room temperature, room air], 
50% reassociation was observed in one reaction and 60% 
reassociation in the other. The results from the sandwich ricin 
ELISA were confirmed by immunoblots with antibodies to 
RTB, RTA and IL-2 (Figure 3A-C). 
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Fig: X Immunoblots of IL-2-mutant RTB— RTA hetefodimers and plant 
ncin. (A) P2 and P10 mouse monoclonal antibodies to RTB; (B) oBRl 2 
mouse monoclonal antibody to RTA; (O mouse monoclonal antibody to 
human IL-2. Lane I, low molecular weight prestained Bio-Rad protein 
standards; lane 2. plant ncin in (A) and (B) and human IL-2 in (C); lane 3, 
ADP-tL-2-ADP-RTB[W37S/Y248HHTA. 




Fig. 4. Binding of 11^2-lectin-deficiem ricin and ricin to mammalian cells. 
Cells were attached to polylysine-coated tissue culture dishes and all 
incubations were done at 4°C. The cells were washed with 2 rng/rnl BSA in 
PBS and the PBS plus BSA plus I Ug/ml of plant ncin or insect ADP-IL- 
2-ADP-KTB[W37S/Y248H]-RTA, rewashed, incubated with 1:100 ctBR12 
mouse monoclonal antibody to RTA in PBS plus BSA, rewashed, incubated 
with affinity-purified goat anti-(mouse IgG) coupled to rhodamine at 25 Ug/ 
ml, washed again and fixed in 3.7% formaldehyde in PBS. Magnification = 
X330. bar = 20 urn). (A-Fj Phase contrast; (A'-F') surface fluorescence; 
(A. C .E) plant ncin; (B, D. F) AbP-IL-2-ADP-RTB[W37S/y248H)-RTA. 
(A, B) KB cells; (C, D) CEM cells; (E, F) HUT 102 cells. 

Lectin activity and IL-2 receptor binding of the heterodimer 
ADP-IL-2-ADP- RTB[W37S/Y248H]-RTA bound 1% as 
well as plant ricin to immobilized asialoferuin. Specificity for 
the high-affinity IL-2 receptor was demonstrated on a live cell 
immunofluorescence assay (Figure 4). The IL-2 fusion toxin 
bound to HUTI02 cells, but bound minimally or not at all to 
CEM cells and KB cells. 
Cell cytotoxicity 

Cytotoxicities of fusion heterodimer and plant ricin for different 
cell lines are shown in Table I. Ricin was uniformly toxic to 
all three cell lines tested with /D50S of 5X10" ,2 , 3X10- 12 and 
1X10- 11 M for HUT102, CEM and KB cells, respectively. 
Similarly, lL-2-wild-type RTB-RTA was also toxic to all three 
cell lines in the absence of lactose with /D 50 s of 4X10" 1 M 
on HUT J 02, CEM and KB cells as described previously 
(Frankel et aL, 1995). In contrast, the fusion toxin displayed 
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Table 1. Sensitivity of various cell lines to toxins 


Protein /Djo(M) 


HUT102 


CEM 


KB 


Ricin 5X10-" 
O.-2-wild-type ricin 4X lO" 12 
IL-2-lectin-deficienl ricin 5X IOr 12 
DABJ89IL-2 2X1(T 12 


3X1CT 12 
4XI(T 12 
2X10" 10 
SXlff* 


IX IOr 11 

4XIOT 12 

1XIO"* 
ND 



100 



2X i& cells in 150 ml of leucine-free RPMI1640 were combined with 
dilutions of toxins for 24 h at 37*C/5% C0 3 and 1 uCi/well Q f { 3 H]leucine 
in 50 |il of the same medium was added for 4 h at 37*C/5% C0 2 . Cells 
were harvested with a PhD cell harvester on glass fiber mats, dried and 
counted in Econofluor in an LKB liquid scintillation counter. ID& was the 
concentration of toxin reducing protein synthesis by 50%. Each assay was 
performed three tunes. Mean values are shown. HUT 1 02 cells have the 
high-affinity IL-2 receptor, CEM cells have the intermediate -affinity IL-2 
receptor and KB cells do not have the IL-2 receptor. The IDy^ to 
IL-2-RTB[W37S/Y24«H] alone was >I0~ 8 M. The experiments with 
IL-2-wild-typc ricin were performed as described previously (Frankel et at. t 
1995). 

significant cytotoxicity only towards the high-affinity IL- 
2 receptor bearing HUT 102 cells (ID 50 = 5X 1(H 2 M) (Figure 
5A). The /D50S of fusion toxin on the other cell lines were 
two orders of magnitude higher (/Djn = 2X10" 10 and 1X10" 
9 M on CEM and KB cells, respectively) (Figure 5B and C). 
Thus, the in vitro therapeutic window was 200-fold. The /£>so 
to the ADP-IL-2-ADP-RTB[W37S/Y248H] protein alone was 
> 10- 8 M. 

IL-2 receptor-mediated cell toxicity was tested by blocking 
experiments with excess IL-2 or a-lactose (Figure 6). Excess 
IL-2 reduced IL-2-lectin-deficient-RTB-RTA toxicity towards 
HUT 1 02 cells by 44-fold (the JDy) was 4X10" 11 M with DL-2 
and 9x 10" 13 M without IL-2). In contrast, excess IL-2 had no 
effect on ricin toxicity (/D30 = 4X10" 13 M with and without 
IL-2). Lactose competition reduced ricin toxicity 100-fold 
(the ID™ with lactose was 4X10" 10 M and without lactose 
4X10" 1 * M). Again, IL-2-lectin-deficient ricin behaved 
uniquely. The ID 50 with lactose was 1.5 X 10~ 12 M and without 
lactose 4.5X 10 - ' 2 M. Thus, lactose had negligible or enhancing 
effects on cytotoxicity of the fusion toxin. 

Discussion 

The first step in the synthesis of targeted toxins is removal or 
modification of the normal tissue binding sites on the toxin. 
Ricin binds to cells via lectin sites on RTB (Olsnes et aL t 
1974). Studies with synthetic methyl cx-lactoside analogs 
showed that hydroxyl groups at positions 3, 4 and 6 of the 
a-D-galactopyranose moiety were required for ricin binding 
(Rivera-Sagredo et a/., 1991). Equilibrium dialysis measure, 
ments with ricin showed low-affinity (K n = l(HM -1 ) binding 
of galactose and lactose (Zentz et a/., 1978) and high affinity 
= lO^-lO -8 NT 1 ) binding to complex oligosaccharides 
and cell surfaces (Sandvig et aL, 1976; Baenziger and Fiete, 
1979). These results suggested that multiple low-affinity sugar 
binding sites on ricin interacted with complex oligosaccharides 
and cells to yield high-affinity binding. The X-ray diffraction 
analysis of ricin crystals provided a structural basis for multiple 
binding functions. RTB has two domains each with three 
subdomains (Rutenber and Robertus, 1991). The six subdo- 
mains have similar folding and primary amino acid sequence 
and resemble the primitive galactose binding fold in discoidin 
I from the slime mold Dictyostelium discoideum. In each 
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Fig. 5. Cell cytotoxicity of IL-2-lectin-deficient ricin and ricin proteins. (A) 
HUTI02 cells; (B) CEM cells; (C) KB cells. In each case, (o) plant ricin; 
(■) ADP-IU2-ADP-RTB(W37S/Y248H]-RTA. Cells were exposed at the 
dilutions indicated for 24 h at 37*C/5% CO2. Incorporation of [ 3 H]leucine 
was assayed after a 4 h incubation and compared against untreated cell 
incorporation. 

subdomain, the a-carbon chain forms a loop followed by a 
twist and a hook. X-ray diffraction analysis of ricin co- 
crystallized with lactose showed two lactose molecules bound 
to tripeptide kinks in the loops from subdomains la and 2y. 
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Fig. 6. Blocking experiments of lL-2-»ectin-deficient ricin and ricin 
cytotoxicity to HUTI02 cells by IL-2 and a-lactose, (A) Plant ricin; (B) 
ADP-lL-2-ADP-RTB[W37S/Y248H}-RXA. In each case, (o) media alone; 
(■) 100 mM a-lactose added; <A) 20 ng/ml human IL-2 added. Cells were 
exposed at the dilutions indicated for 30 min at 4°C, washed and incubated 
in media alone for 24 h at 37*C/5% CO* Incorporation of [ 3 HJ-leucine was 
assayed after a 4 h incubation and compared against untreated cell 
incorporation. 



Bi dentate hydrogen bonds were observed between D22 and 
D234 and the C3.C4 hydroxyls of the galactosyl moiety. Q35 t 
N46 and N255 contributed additional hydrogen bonds to C6 
and C3 hydroxyls, respectively. The aromatic rings of W37 
and Y248 provide hydrophobic interactions with the non-polar 
C4-C6 atoms of the galactose ring. Biochemical modification 
studies confirmed participation of amino acid residues in 
subdomains la and 2y in sugar binding. yV-Bromosuccininude 
modification of W37 reduced sugar binding (Hatakeya/na etaL, 
1986) and W-acetyl imidazole 0-acetylation of Y248 altered 
lactose affinity (Youle et aL, 1981). 

This structural information was used to design recombinant 
ricin molecules with lectin sites modified by site-specific 
mutagenesis. While some of these mutants displayed decreased 
lectin site function, yields of recombinant product were very 
low. Cos cell RTB N255A was barely detectable in cell 
supernatants (Vitetta and Yen, 1990). Xenopus laevis oocyte 
expressed subdomain la and 2y RTB mutants were recovered 
at nanogram levels {Wales et aL, 1991), and RTB mutants 
produced as bacteriophage gene III protein fusions were 
measured bound on phage particles (Lehar et aL, 1994). We 
recently reported a baculovirus-insect cell expression system 



which permits production of milligram quantities of wild- 
type and mutant RTBs (Frankel et aL, 1994, 1995, 1996). 
Modification of single lectin sites produced less than a 10-fold 
reduction in sugar-binding affinity, and modifications of two 
lectin sites yielded 25-100-fold decreases in sugar binding. 
There were variable yields. The double-site mutant with 
changes in charged residues, D22E/D234E, was produced at 
low levels (0.02 mg/1). In contrast, the mutant with alterations 
in the aromatic residues, W37S/Y248H, was recovered in 
amounts 10% of wild-type at 0.27 mg/1. The better recovery 
of the latter mutant may be due to improved folding and 
solubility. This mutant was selected for generation of fusion 
toxins. 

The next step in generating fusion toxins is coupling a cell- 
selective ligand. We initially chose to study IL-2 receptor 
targeting, because of the specificity of this target antigen 
to normal and malignant hematopoietic cells and the prior 
experience of other laboratories in producing targeted toxins 
to this antigen (Williams et aL, 1990; Engert et aL, 1991; 
Kreitman and Pas tan, 1994). Attachment of IL-2 to the 
N-terminus of wild-type RTB did not previously alter immunol- 
ogic reactivity, lectin activity, IL-2 receptor binding activity 
or yield (Frankel et aL, 1995). IL-2-wild-type RTB was 
produced at I mg/l versus 3 mg/1 for RTB alone. The yields 
of ADP-IL-2-ADP-RTB[W37S/Y248H] were 0.34 mg/1 insect 
cell culture, similar to the yields of the parent double-site 
mutant. The IL-2-lectin-deficientRTB fusion molecule showed 
immunoreactivity with antibodies to IL-2 and RTB by both 
ELISA and Western blots. These results are evidence of proper 
folding of both the IL-2 and RTB domains. 

The third requirement for fusion toxins is the presence of 
an active toxophore domain. We chose to use RTA as the toxic 
polypeptide. RTB has an extensive surface region and free 
thiol group for coupling to RTA (Rutenber and Robertus, 
1991). The K 9 of RTB-RTA association is 10" 6 M"\ hence 
even at low subunit concentrations heterodimer formation is 
favored (Lewis and Youle, 1986). Our experiments employed 
concentrations of about 10" 6 M, so we expected -50% of IL- 
2-lectin-defictent RTB to reassociate with RTA. Our observa- 
tion of 50-60% heterodimer formation suggests an excellent 
efficiency of reassociation. The RTB amino acid residues 
which interact with RTA include Al, D2, C4, FI40, V141, 
F218, N220, P260 and F262, which are remote from the N- 
terminus or lectin sites. The recombinant fusion toxin was 
stable at high dilutions, suggesting disulfide bond formation 
between RTA C259 and the free thiol of RTB C4 of IL-2- 
lectin-deficient RTB. 

The final lL-2-lectin-deficient ricin fusion toxin was charac- 
terized by ELISAs, immunoblots, cell binding assay and cell 
cytotoxicity assay. The sandwich ELISA demonstrated the 
presence of both RTA and RTB epitopes on the heterodimer. 
The immunoblots from non-reducing gels demonstrated the 
predicted molecular weight of 80 kDa composed of a 33 kDa 
RTB, a 16 kDa IL-2 and a 31 kDa RTA. Further, the Western 
blots confirmed the presence of RTA, RTB and IL-2 epitopes 
on the same molecule. The poor binding to immobilized 
asialofetuin (1% relative to plant RTB) and lack of binding to 
IL-2 receptor negative KB cells was consistent with the double 
lectin site mutation. Finally, the potent cytotoxicity of the 
IL-2 fusion toxin to IL-2 receptor positive HUT 102 cells 
demonstrated that all of the intoxication functions of ricin and 
binding functions of IL-2 were present. The level of cytotoxicity 
was similar to DAB 38 9 IL-2, a diphtheria toxin-IL-2 fusion, 
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RFT5-dgA, an anti-CD25 monoclonal antibody-RTA conjug- 
ate both currently in clinical trials (Engert et a/., 1994; Strom 
et aL, 1994) and IL-2-wi Id-type RTB-RTA (Frankel et aL, 
1995). Unlike the IL-2-wild-type ricin, IL-2-lectin-deficient 
ricin displayed selective cytotoxicity to IL-2 receptor bearing 
cells in the absence of lactose. 

Competition experiments with excess ligand has been a 
frequently used method for confirming specificity of ligand 
toxins (Bacha et al. f 1991; Kreitman and Pastan, 1994). We 
were able to demonstrate that IL-2, but not lactose, inhibited 
the cytotoxicity of IL-2-lectin-deficient-RTB-RTA hybrid 
molecules. Thus, the fusion toxin needed IL-2 receptor binding 
for cell intoxication. These results were different from those 
with IL-2-wild-rype ricin where IL-2 alone was unable to 
block intoxication. Both EL-2 plus lactose at 4°C were required 
to block intoxication because of the residual lectin sites on the 
fusion molecule (Frankel et al., 1995). 

The potent cytotoxicity of the IL-2-lectin-deficient ricin 
suggests that either intracellular galactose binding is not 
required for intoxication in this molecule or the small residual 
galactose binding is adequate for intracellular routing. 

This work opens up two new areas of investigation. The 
IL-2-ricin fusion protein may be tested in animal models of 
leukemia, lymphoma and autoimmune disease and compared 
with other IL-2 receptor-directed targeted therapeutics. Separ- 
ately, this study provides a blueprint for the construction of 
other plant toxin fusions with other hormones and single-chain 
antibodies that may permit eventual therapy of a number of 
malignancies and autoimmune disorders. 
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Reactivity of Murine Cytokine Fusion Toxin, Diphtheria Toxin 390 -Murine 
Interleukin-3 (DT 39(r mIL-3), With Bone Marrow Progenitor Cells 

By Chung-Huang Chan, Bruce R. Blazar, Lawrence Greenfield, Robert J. Kreitman, 

and Daniel A. Vallera 



Myeloid leukemias can express interleukin-3 receptors (IL- 
3R). Therefore, as an arrtileukemia drug, a fusion immuno- 
toxin was synthesized consisting of the murine IL-3 (mlL-3) 
gene spliced to a truncated form of the diphtheria toxin 
(DTi9o) gene coding for a molecule that retained full enzy- 
matic activity, but excluded the native binding domain. The 
DTiM-mlL-3 hybrid gene was cloned into a vector under the 
control of an inducible promoter. The fusion protein was 
expressed in Escherichia coii and then purified from inclu- 
sion bodies. The fusion toxfn was potent because it inhibited 
FDC-P1, an IL-3R- expressing murine myelomonocytic tumor 
line (ICeo = 0.025 nmol/L or 1.5 ng/mU. Kinetics were rapid 
and cell-free studies showed that DTjso-mlL-3 was as toxic 
as native DT. DTs9o-mlL-3 was selective because anti-mlL-3 
monoclonal antibody, but not irrelevant antibody, inhibited 
Its ability to kill. Cell lines not expressing IL-3R were not 
inhibited by the fusion protein. Because the use of DT390- 
mlL-3 as an antileukemia agent could be restricted by its 
reactivity with committed and/or primitive progenitor cells, 
bone marrow (BM) progenitor assays were performed. DT^- 
mlL-3 selectively inhibited committed BM progenitor cells 

INTERLEUKIN-3 (IL-3) is generally considered a cyto- 
kine with a broad spectrum of activities on different 
hematopoietic cells at various stages of development.' 2 This 
hematopoietic cytokine is also associated with leukemia. 
Murine and human myeloid and lymphoid leukemic cells 
display receptors for IL-3, and many have been shown to be 
responsive to exogenous IL-3 in vitro. 3,4 Production of IL-3 
has been shown in some transformed myeloid cells, raising 
the possibility that autocrine production of IL-3 may contrib- 
ute to their transformed phenotype. 5,6 In fact, neutralizing 
anti-IL-3 and anti-IL-3 receptor (anti-IL-3R) antibodies 
inhibit the growth of IL-3 -producing transformed cell 
lines. 78 

In normal hematopoiesis, it is controversial as to whether 
there are IL-3R expressed on primitive progenitor cells. 9 " 
It is known that IL-3 supports the proliferation and terminal 
differentiation of multipotential and committed myeloid pro- 
genitors 12 and the activation of a variety of mature myeloid 
cells. 13 * 15 IL-3 also has proliferative effects on CD10 + pro- 
genitor B cells, mature tonsillar B cells, plasma-cell precur- 
sors, and CD4S'ap + T cells. 1619 

To study the expression of IL-3R on primitive progenitor 
cells and perhaps devise a new antileukemia agent, we syn- 
thesized an IL-3 fusion toxin protein. The murine IL-3 (mlL- 
3) gene has been cloned and genetically mapped to chromo- 
some 1 1. 20,21 It consists of 5 exons and encodes a secretory 
peptide with 140 residues. 22 Receptor expression is a prereq- 
uisite for response to a cytokine. The high-affinity IL-3R is 
composed of or and 0 subunits. 23 The binding of IL-3 to its 
receptor causes rapid internalization of the ligand-receptor 
complex. 24 Because of the internalization of IL-3, we rea- 
soned that IL-3 could serve as a ligand for delivering a toxic 
molecule such as diphtheria toxin (DT) to the cells bearing 
the IL-3R. 

DT is a well-studied glycoprotein with a molecular weight 



as measured by in vitro colony-forming unit- granulocyte- 
macrophage and in vivo colony-forming unit-spleen colony 
assays. To determine if this fusion protein was reactive 
against BM progenitor cells required to rescue lethally irradi- 
ated recipients, adoptive transfer experiments were per- 
formed. Eight million DT3M-mlL-3-treated C57BL/6 LyS.2 BM 
cells, but not 4 million, were able to rescue lethally irradiated 
congenic C57BL/6 LyS.I recipients, suggesting that progeni- 
tor cells might be heterogenous in their expression of IL- 
3R. This Idea was supported in competitive repopulatlon 
experiments in which DT39o-mlL-3-treated C57BL/6 LyS.2 
BM cells were mixed with nontreated C57BL/6 LyS.I BM 
cells and used to reconstitute C57BL/6 Ly5.1 mice. A signifi- 
cant reduction, but not elimination, of Ly5.2-expressing cells 
95 days post-BM transplantation and secondary transfer ex- 
periments indicated that IL-3R is not uniformly expressed 
on all primitive progenitor cells. The fact that some early 
progenitor cells survived DTsso-mlL-3 treatment indicates 
that this fusion toxin may be useful in the treatment of my- 
eloid leukemias that express the IL-3R. 
© 1996 by The American Society of Hematology. 

of 58 kD. DT has potent cell killing ability through ADP- 
ribosylation of elongation factor-2, resulting in inhibition of 
cellular protein synthesis and death of the cell. Delivering a 
single DT molecule into the cytoplasm is sufficient to kill a 
cell. 25 Native DT contains three domains: the cell binding 
domain, the translocation domain, and the enzymatic cyto- 
toxic domain. 26 * 27 The cell-binding domain of the DT gene 
can be replaced by a growth factor gene, resulting in a toxin- 
growth factor hybrid gene, whose protein product is targeted 
to a specific growth factor receptor. 28 33 

The goal of these studies was to determine whether DT 3 9o- 
mIL-3 could be used as an antileukemia agent and whether 
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Table 1. Primers Used in These Studies 

(a) VAGATATACO»rGGGCGCTGATGATGTTGTTGAT3' 

Nco 1 DT 

(b) 5'CCGGCCACTGATTGAAGC AAATGGTTGCGTT1 T3' 

I L- 3 DT 

(c> 5'AAAACGCAACCATTT GCTTCAATCAGTGGCCGG3' 

DT I L - 3 

(d) 5'TGCCT TG^TCylTTAATGATGATGATGATGATG ACATTCCACGGTTCCACG3' 
-Bel I His. Tag I L -3 



its use would be restricted. Specifically, it was important to 
determine whether it would entirely eliminate committed and 
primitive progenitor cells and subsequently prevent bone 
marrow (BM) recovery in adoptive BM transfer and compet- 
itive repopulation experiments. This would provide further 
insight as to the expression of IL-3R on progenitor cells and 
indicate further potential of DT 3 9o-mIL-3 as an antileukemia 
agent. 

MATERIALS AND METHODS 

Construction of hybrid gene and plasmid. The hybrid gene en- 
coding DT 3W -mIL-3 was constructed by the method of gene splicing 
by overlap extension (SOE), as described. 34 Oligonucleotide primers 
were synthesized using cyanomethyl phosphoramidite chemistry on 
an Applied Biosy stems model 380 A DNA synthesizer and purified 
by chromatography on Oligonucleotide Purification Cartridges (Ap- 
plied Biosystems Inc, Foster City, CA) as recommended by the 
manufacturer. Purified oligonucleotides were resuspended in TE 
buffer (10 mmol/L Tris base, 1 mmol/L EDTA, pH 8.0). The primers 
used in these studies are given in Table 1 . 

Briefly, a DT gene fragment was generated in the first polymerase 
chain reaction (PCR) by using 5.5 ng plasmid containing the cDNA 
of DT mutant cross-reacting material (CRM 107) as a template with 
primers a and b. Primer a created an Nco I restriction site, an ATG 
initiation codon, and the coding sequence of the first 7 amino acids 
of the DT molecule. Primer b introduced a coding sequence of amino 
acids 385 to 389 of the mature DT and that of amino acids 27 to 
32 of the murine IL-3 molecule. A murine IL-3 gene fragment was 
generated in the second PCR by using 2.74 ng plasmid containing 
the cDNA of murine IL-3 as a template with primers c and d. Primer 
c created sequence homology with the 3' end of the DT fragment 
generated in the first PCR. This .region of homology was placed 5' 
to the sequence encoding amino acids 27 to 32 of the IL-3 molecule. 
Primer d introduced a Bel I restriction site and a TAA stop codon 
at the end of the IL-3 molecule. The two fragments generated in the 
PCRs described above were then purified and used as templates in 
an SOE reaction using primers a and d. This SOE formed the full- 
length DT 390 -mIL-3 hybrid gene that was digested with restriction 
enzymes Nco 1 and Bel I (GIBCO BRL* Gaithersburg, MD) and 
ligated into the Nco I and BamH\ cloning sites in the pETl 1 d plasmid 
(Novagen, Madison, WI). The assembly of plasmid pDT-IL-3 is 
shown in Fig I. 

DT 3yo -mlL-4 and DT 390 -hlL-2 were made from hybrid genes by 
gene splicing by SOE, as described." The plasmids were assembled 
with the same orientation as the DT 3W -mIL-3 plasmid. For DTi*,- 
mIL-4, the final protein contained amino acids 25 through 144 of the 
mature IL-4 molecule. For DT 3w -mIL-2, the final protein contained 
amino acids 3 through 1 35 of the mature IL-2 molecule. 

Expression and localization of fusion proteins. Plasmid, pDT- 
IL-3 was transformed into the Escherichia coli strain BL21(DE3) 
(Novagen) and protein expression was evaluated. Briefly, recombi- 
nant bacteria were grown in superbroth (32 g/L bacto-tryptone, 20 
g/L bacto-yeast extract [Difco. Detroit, MI], and 5 g/L NaCl, pH 
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7.5) supplemented with 0.5% glucose, 1.6 mmol/L MgS0 4 , and 
100 jig/mL carbenicillin (Sigma, St Louis, MO) at 37°C. When the 
absorbency (A^) of the culture reached 1 .0, expression of the hybrid 
gene was induced by the addition of isopropyl-/3-D-thiogalactopyra- 
noside (IPTG; GIBCO BRL). Ninety minutes after induction, the 
bacteria were harvested by centrifugation at 5,000g for 10 minutes. 
To determine the localization of expressed protein, an aliquot of 
bacterial pellet was resuspended in 30 mmol/L Tris, pH 7.5, 20% 
sucrose, 1 mmol/L EDTA and osmotically shocked by placing in 
ice-cold 5 mmol/L MgSO*. The periplasmic fraction (supernatant) 
was obtained by centrifugation at 8,000g for 10 minutes. Another 
aliquot of bacterial pellet was resuspended in sonication buffer (50 
mmol/L sodium phosphate, pH 7.8, 300 mmol/L NaCl). After incu- 
bation at -20°C for 16 hours, the resuspended sample was sonicated 
for 5 minutes. The spheroplast fraction (pellet) and cytosolic fraction 
(supernatant) were collected separately by centrifugation at I0,000# 
for 20 minutes. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and immunoblotting. Crude, as well as purified fusion pro- 
teins were analyzed on SDS-PAGE. SDS-PAGE was performed us- 
ing 4% to 20% gradient gels (Bio-Rad, Richmond, CA) and a Mini- 
Protein II gel apparatus (Bio-Rad). Proteins were stained with Coo- 
massie brilliant blue. For imrnunoblotting, electrophoresed proteins 
were transferred to nitrocellulose membranes. Membranes were 
blocked with 3% gelatin-containing TBS (20 mmol/L Tris, 500 
mmol/L NaCl, pH 7.5) and washed with TTBS (TBS. 0.05% Tween- 
20, pH 7.5). Horse anti-DT sera (Connaught Lab, Switwater, PA) 
and anti-mIL-3 monoclonal antibody (MoAb; rat lgG,; Genzyme, 
Cambridge, MA) were used as a source of primary antibodies. The 
blots were processed using horseradish peroxidase -conjugated pro- 
tein-G (Protein G-HRP) and developed using HRP color reagents 
(Bio-Rad). 

Isolation of inclusion bodies and renaturation and purification of 
the fusion proteins. The method of isolating the inclusion bodies 




Fig 1 . Assembly ofl the DTno-mlL-3 gene In the pET1 1 d vector. The 
hybrid gene encoding DT»»o-mtL-3 was constructed by the method of 
gene splicing by overlap extension. The DTsao-mlL-3 hybrid gene was 
digested with restriction enzyme Nco I and Bel I and ligated Into the 
Nco I and SamHI compatible cloning sites of a pETlId plasmid under 
the control of a 77 promoter. 
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was previously described. 33 In brief, bacterial pellets were resus- 
pended in TE buffer (50 mmol/L Tris, pH 8.0, 20 mmol/L EDTA, 
100 mmol/L NaCl) and treated with 0.02% lysozyme for 30 minutes. 
The pellet was then incubated in Triton X-100 buffer (11% vol/vol 
Triton X-100, 89% vol/vol TE) for 30 minutes at room temperature 
after briefly homogenizing with a tissuemizer (Thomas Scientifics, 
Germany). The pellets were washed 3 times with Triton X-100 buffer 
and 4 times with TE buffer by briefly homogenizing with a tis- 
suemizer and incubating for 5 to 10 minutes. Inclusion bodies were 
collected by centrifugation at 24,000* for 50 minutes. Solubilization 
of the inclusion body pellet was achieved by sonicating in denaturant 
buffer consisting of 7 mol/L guanidine, 0.1 mol/L Tris, pH 8.0, and 
2 mmol/L EDTA. Protein concentrations were determined by the 
Bradford method 35 and adjusted to 10 mg/mL with solubilization 
buffer. The solution was incubated at room temperature for 16 hours 
in the presence of 65 mmol/L dithioerythritol (DTE). 

To remove insoluble material, the solution was centrifuged at 
40,000g for 1 0 minutes and the supernatant was collected. Renatu- 
ration was initiated by a rapid 100-fold dilution of the denatured and 
reduced protein into chilled refolding buffer consisting of O.lmol/L 
Tris, pH 8.0, 0.5 mol/L L-arginine, 0.9 mmol/L oxidized glutathione 
(GSSG), and 2 mmol/L EDTA. The samples were incubated at 10°C 
for 48 hours. The refolded protein was diafiltrated and ultrafiltrated 
against 20 mmol/L Tris, pH 7.8, using a spiral membrane ultrafiltra- 
tion cartridge on Amicon's CH2 system (Amicon, Beverly, MA). 
Samples were loaded on a Q-Sepharose (Sigma) column and eluted 
with 0.3 mol/L NaCl in 20 mmol/L Tris, pH 7.8. The protein was 
diluted fivefold and subsequently applied to a Resource Q column 
(Pharmacia, Uppsala, Sweden) and eluted with a linear salt gradient 
from 0 to 0.4 mol/L NaCl in 20 mmol/L Tris, pH 7.8. The main 
peak from the Resource Q column was purified by size-exclusion 
chromatography on a TSK 250 column (TosoHass, Philadelphia, 
PA). 

A DP ribosylation assay. Duplicate samples of nicked DT and 
DT 3g( rmLL-3 were examined for their ADP ribosyl transferase activ- 
ity, as previously described. 33,36 The toxin was nicked by treating 
15 fig of DT 390 -mIL-3 with 0.04 p.% of trypsin for 15 minutes at 
37°C and the reaction was stopped with soybean trypsin inhibitor 
(Sigma). Briefly, ADP-ribosylation was performed in 80-//L reaction 
mixtures containing 40 /iL of 0,01 mol/L Tris-HCl buffer with 1.0 
mmol/L dithiothreitol, pH 8.0, 10 /xL of rabbit reticulocyte lysate 
(containing elongation factor-2 [EF-2]), 10 yUL 0.1% bovine serum 
albumin (BSA). and 10 /xL of toxin sample. The reaction was initi- 
ated by the addition of 10 fiL of 0.57 mmol/L [ 32 P] nicotinamide 
adenine dinucleotide (ICN Biomedicals, Irvine, CA). Reaction mix- 
tures were incubated at room temperature for 1 hour and the reaction 
was stopped by the addition of 1 mL 10% trichloroacetic acid (TCA). 
The precipitate was collected by centrifugation and washed with 1 
mL 10% TCA. The radioactivity was counted by standard scintilla- 
tion techniques. 

Cytotoxicity assay. To characterize the cytotoxic activity of 
DTwi-mIL-3, we used the murine myelomonocytic cell line FDC- 
Pl 37 (provided by Jmmunex, Inc. Seattle, WA), which is dependent 
on mIL-3 for proliferation. Cultured FDC-P1 cells were maintained 
in complete culture media consisting of RPMI-1640 supplemented 
with 10% fetal bovine serum, 1% sodium pyruvate, 1 % L-glutamine, 
1% penicillin/streptomycin, and 10% WEHI-3B conditioned me- 
dia. 38 We assayed the cytotoxic activity by measuring the ability of 
DT 3 9o-mIL-3 to inhibit the proliferation of FDC-P1 cells. Cells were 
initially washed three times with nonsupplemented RPMI-1640 to 
remove any exogenous cytokine, followed by 1 hour of incubation 
at 37°C. Cells were seeded at 9 x 10 4 cells/tube in complete culture 
media and treated with one of the following toxins at concentrations 
ranging from 1 x 10~' 3 mol/L to 1 x 10" 8 mol/L: DT^-mlL^, 
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DT 390 -hIL-2, DT 390 -mIL-4, and native DT. The cells were treated 
for 4 hours at 37°C in a 5% CO2 atmosphere. 

After incubation, the cells were washed three times and then 
seeded at 3 x 10 4 cells/well in 96- well flat-bottomed plates in a 
volume of 200 fiL. [H 3 ]-thymidine (1 pCi) and exogenous mIL-3 at 
a final concentration of 5 ng/mL were added into each well. After 
24 hours, the cells were harvested on glass fiber filters and counted 
according to standard methods. Cells cultured with media alone 
served as the control. All assays were performed in triplicate. For 
kinetic analysis, cells were treated with DT 3 9o-mIL-3, as described 
above, except that the designated toxin treatment intervals varied 
from 30 minutes to 8 hours. Three additional murine cell lines were 
used that did not respond to mIL-3: FDCP2Jd (a myelomonocytic 
cell line derived from FDCP2), 33 EL4 (a T-cell leukemia/lymphoma), 
and CI 498 (a myeloid leukemia; American Type Culture Collection, 
Rockville. MD). 

Granulocyte-macrophage colony-forming assay (CFU-GM). 
DT 390 -mIL-3, DT 3 9o-hiL2, or native DT was examined for its effects 
on committed BM progenitor cells in a CFU-GM assay, which was 
performed by culture of treated murine BM cells in complete methyl- 
cellulose medium (30% fetal calf serum, 1% pokeweed mitogen 
[PWM]-stimulated murine spleen cell-conditioned medium, 1% 
BSA, 0.9% methylcellulose, 10~ 4 mol/L 2-mercaptoethanol, and 3 
U/mL erythropoietin; StemCell Technologies, Vancouver, British 
Columbia, Canada). Our CFU-GM -assay was previously described. 33 
Briefly, BM cells were collected by flushing the shafts of femora 
and tibiae of C57BL/6 mice. Cells were resuspended at 5 X 10 4 
cells/mL in complete methylcellulose medium and were plated in 
culture dishes for 14 days. Under an inverted microscope, colonies 
of greater than 50 cells were scored as CFU-GM according to their 
morphology. 

During the kinetic studies, BM cells prepared as mentioned above 
were cultured with DT 390 -mIL-3 at a final fusion toxin concentration 
of 10 nmol/L. After 4, 8, 12, or 16 hours, the treated cells were 
recovered by centrifugation for 10 minutes at 300# and the superna- 
tant was decanted. The cells were washed with medium three times, 
resuspended at 5 x 10 4 cells/mL in complete methylcellulose me- 
dium, and scored as mentioned above. 

Splenic colony-forming assay (CFU-S). Our CFU-S assay was 
previously described. 39 C57BL/6 BM cells were isolated and treated 
as described above. Treated BM cells (10 5 ) were injected into the 
lateral tail vein of sublethally irradiated (7.5 Gy Cesium at a dose 
rate of 57.72 rads/min; JL Shepherd and Associates, Glendale, CA) 
syngeneic mice. Eight or 13 days later, the spleens were removed 
and fixed with Bouins solution. Visible surface colonies were 
counted and scored as CFU-S. Control mice that received irradiation 
but no BM showed no macroscopic spleen colonies on day 8 or 13. 
Mice were housed in our A AALAC- accredited facility under specific 
pathogen-free (SPF) conditions in microbarrier cages. 

Adoptive transfer studies. An adoptive transfer assay to rescue 
irradiated mice was modified from a previously described assay. 40 
C57BL/6 Ly5.l (10 mice/group) recipients were irradiated with le- 
thal total body irradiation (9 Gy x-ray at a dose rate of 39.30 rads/ 
min; Phillips Medical System, Brookfield, WI) 18 hours before intra- 
venous injection with varying cell doses of DT^-mlL-S- treated 
donor BM. Donor BM from C57BL/6 Ly5.2 congenic mice was 
treated with fusion toxin for 8 hours and then infused. Ly5.2 is an 
alleleic form of the Ly5.1 antigen expressed on all hematopoietic 
cells. These markers are typable by flow cytometry with fluoro- 
chrome- labeled MoAb, as we previously reported (staining with flu- 
orescein isothiocyanate [FITC] -anti-Ly5.2 for donor cells and phy- 
coerythrin [PE] -anti -Ly 5.1 for host cells), 41 Recipient survival was 
monitored daily. The irradiated mice were confirmed as rescued by 
donor-derived cells if they survived for 30 days. Animals died on 
days 5 through 10 in these radiation protection studies. It is possible 
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that these deaths were related to the presence of bacteria in our 
SPF colony requiring larger doses of BM to effect radioprotection. 
However, attempts to isolate Proteus vulgaris. Pseudomonas species, 
or Klebsiella species from the colon, oropharynx, or ileum of sentinel 
mice were unsuccessful. 

Competitive repoputation studies* The competitive repopulation 
assay was performed as previously described, with some modifica- 
tion.'' 2 C57BL/6 LyS.I recipient mice (10 mice/group) were leihally 
irradiated (9 Gy). Eighteen hours later, mice received a mixture_of 
C57BU6 Ly5. 1 and congenic C57BL/6 Ly5.2 BM cells. The C57BL/ 
6 Ly5.2 BM cells were preincubated with either DT^qtrmlL-j Or 
medium alone and the C57BL/6 Ly5.1 BM cells were preincubated 
with medium. After 8 hours of treatment, BM cells were thoroughly 
washed with media 3 times to remove the fusion toxin. Equal num- 
bers of Ly5J (2.5 ;* 10'*) and Ly5.2 (2.5 X 10*) cells were mixed, 
together and injected intravenously into irradiated Ly5. 1 mice. The 
percentage of Ly5.2 and Ly5.1 cells in the peripheral blood, bone 
marrow, spleen, and thymus were determined by flow cytometry 
by staining with RTC-anti-Ly5.2 and PE~anti-Ly5.1 MoAb as 
described above. 

Statistical analysis. Croup comparisons of data in Tables 2 
through 4 were made using the Student's /-test. P values s.'OS were 
considered significant. 

RESULTS 

Genetic construction of DTj^mIL-3. The DNA frag- 
ments encoding the .structural gene for DT^ and mIL-3 were 
obtained by separate PCRs with the sizes of 1,197 bp and 
467 bp, respectively. After the third PCR, the resulting SOE 
product, DT.vxrmIL-3 hybrid gene, was generated with a 
1,63 J -bp size. The DTwo-mIL-3 hybrid gene encodes an Nco 
I restriction site, an ATG initiation codon, the first 389 amino 
acids of the DT, the mature murine IL-3 polypeptide, six 
histidine tag, a TAA stop codon, and a Bel I compatible 
restriction site. After digestion, the DT 3W -mIL-3 hybrid gene 
was cloned into the pETlld plasmid under the control of 
the 1PTG inducible T7 promoter to create a 7.255-bp pDT- 
IL-3 plasmid (Fig I'). Restriction endonuclease digestion ver- 
ified thai the DT m -mIL-3 hybrid gene sequence had been 
cloned in frame. DNA sequencing analysis was performed 
by the University of Minnesota Microchemical Facilities 
(University of Minnesota, Minneapolis, MN) and no muta- 
tions were detected. 

Expression and purification of DT i9( rmlL-3 fusion protein. 
Expression of the fusion protein in E coll was induced with 
I PI G at either 30°C or 37°C with the same efficiency (data 
not shown). Coomassie brilliant blue-stained SDS-poIyacryl- 
amide gel of whole bacterial lysate after IPTG induction 
showed a novel expressed protein migrating at 58 kD, which 
corresponds to the expected size for DTj W -mIL-3 protein 
(Fig 2, lane 3). The localization study of the expressed fusion 
protein showed that DT, w -mIL-3 was retained in the inclu- 
sion bodies (Fig 2, lanes 4 through 6). To extract the DT^r 
mIL-3 protein, the inclusion bodies were isolated and de- 
natured, and the protein was refolded as described in the 
Materials and Methods. After the renaturation procedure, the 
crude DT^ r mIL-3 was purified by sequential chromatogra- 
phy. The elution from the anion-exchange Q-sepharose and 
resource Q columns showed an enrichment of a protein with 
an electrophoretic mobility corresponding to an apparent mo- 
lecular mass of 58 kD (Fig 2, lane 7). To further purify 
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Fig 2. SOS-PAGE of the purified DTWmlL-3 protein stained with 
Coomassie blue, lane 1, molecular weight standard; lane 2, unin- 
duced total bacteria lysate; lane 3, IPTG -induced total bacteria lysate; 
lane 4, fraction of soluble protein in cytoplasm; lane 5, fraction of 
insoluble protein in inclusion body; lane 6, soluble protein in periplas- 
tic space; lane 7, major eluate from an Ion-exchange column; and 
lane 8, major peak from HPtC sizing column. The molecular weight 
standards are at 97, 66, 45, 31, 22, end 14 kD. 



this fusion protein, pooled peak fractions from the anion- 
exchange columns were subjected to high-performance liq- 
uid chromatography (HPLC) using a TSK-250 sizing col- 
umn. The final product was greater than 95% pure (Fig 2, 
lane 8). The endotoxin level of the purified pT t90 -mIL-3 was 
less than 2 EU/nig protein as detected by Hmulus amebocyte 
lysate (LAL) assay. Additional analysis of this DT v >o-mlL- 
3 protein by immunoblotting was performed. Anti-DT sera 
and anti-mIL-3 MoAbs were able to recognize the renatured 
and purified DTv*xrm 1^-3. The control native DT and DT 3W - 
hlL-2 were immunoblotted with the anti-DT sera but not the 
anti-mIL-3 MoAb. 

Enzymatic activity and in vitro cytotoxicity. Protein syn- 
thesis inhibition by DT is due to fragment A-catalyzed ADP- 
ribosylation of cytoplasmic EF-2. To determine whether the 
DT*x,-roIL-3 protein also displays such enzymatic activity, 
a cell-free assay system was used in which rabbit reticulocyte 
lysate, a source of EF-2, was exposed to either native DT 
or DTwmIL-3 in the presence of [ 32 P]-NAD. Incubation 
with either native DT or DT> w -mlL-3 toxin showed a similar 
dose-dependent increase in [ 3 ~P] incorporation into theTCA- 
precipitable fraction of rabbit reticulocyte lysate (EF-2). In 
contrast, the negative control of BSA did not show such an 
ADP-ribosylation activity. This result confirmed that DT W 
mIL-3 possessed ADP-ribosyl transferase activity. 

To characterize the cytotoxic activity of DT*go-mlL-3, a 
bioassay was devised using the mIL-3 -dependent myelo- 
monocytic leukemia cell line FDC-P1 that expresses IL-3R 
and is readily stimulated by IL-3. in our hands, IL-3 -in- 
duced stimulation of FDC-P1 cells was dose-dependent and 
16 ng/mL IL-3 resulted in a curve plateau with 350,000 cpm 
in a thymidine uptake assay representing a 100-fold increase 
compared with background. The cytotoxicity was evaluated 
by measuring the inhibition of cellular proliferation. The 
ability of various concentrations of DT ? go-mIL-3 to inhibit 
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Fig 3. Cytotoxic activity of fusion toxins on FDC-PT ceils. Various 
amounts of DT 3W -mlL-3 or 0T S!W -htt-2 were added to FDC-PI cells 
for 4 hours. After washing, the percentage of incorporation of EH 3 ] 
thymidine relative to controls not treated with fusion toxin was de- 
termined. Neutralization of 0T 390 -miL-3 was studied by adding 0.1% 
anti-DT antiserum during the 4 hours of incubation. 



the proliferation on FDC-PI cells was examined. FDC-PI 
cells were inhibited by DT^-mlL-B in a dose-dependent 
manner with an 1C 5U of 0.025 nmol/L (or 1.5 ng/mL; Fig 3). 
To determine if the cytotoxic activity of DT^rmlL-3 on 
FDC-PI cells was mediated by the binding of the mIL-3 
moiety, FDC-PI cells were cultured with DT^rhlL-2, an 
irrelevant fusion toxin control. IL-2 did not stimulate the 
growth of this cell line; thus, the 1L-2R is not expressed on 
FDC-PJ cells (data not shown). In contrast to DT 3W -mlL-3, 
FDC-PI cells were resistant to as much as 10 nmol/L DT*x>- 
hl'L-2. The cytotoxic effect of DT 39 ( r mIL-3 was fully neutral- 
ized by 0.1% anti-DT sera (Fig 3), which suggested. that the 
cytotoxicity of DT^rmIL-3 was mediated by the enzymatic 
activity of DTtw fragment. Furthermore, anti-mlL-3 anti- 
bodies blocked the cytotoxic effect of bT 39 Q-mIL-3 (Fig 4). 
The addition of 10 nmol/L anti-miL-3 antibodies fully neu- 
tralized the cytotoxic effect of 0.01 nmol/L or 0.1 nmol/L 
DT vm -mlL-3 and neutralized the cytotoxic effect of 1 nmol/ 
L DT^ r mIL-3 up to 80%. However, 10 nmol/L of ahti- 
mIL~3 antibodies did not block the cytotoxic effect of 10 
nmol/L DT 3 «>u-mlL-3. The irrelevant anti-Thy 1.2 antibodies 
did not block the activity of DT^-miL-l. IL-3 was not used 
to block the cytotoxic activity of DT^-rnIL-3 in this study 
because IL-3 itself was used to stimulate the proliferation 
of FDC-PI cells. 

The effect of DT 3 (>o-mIL-3 on kinetics of proliferative inhi- 
bition to FDG-P1 cells was plotted as a percentage of the 
control level versus a function of time (Fig 5). As expected, 
the rate of inhibition was concentration-dependent, with 
higher concentrations giving faster rates. Tlie kinetics were 
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Fig 4. Neutralization of D7WmiL-3 by antt-mlL-3 and Irrelevant 
ahtfbody. Various concentrations of DTWmlL-3 were incubated with 
(■} 10 nmol/t of anti-mlL-3 antibody or W irrelevant anti-Thy1.2 
antibody and, were added to FDC-PI cells as described in Fig 3, {□) 
DTtto-mtt-*3 alone. Results are expressed as the percentage of activity 
in control cultures not treated with fusion protein. 



rapid because a treatment as short as 30 minutes resulted in 
90% inhibition. After 8 hours, 98% inhibition was observed. 
Cellular proliferative inhibition increased linearly for those 
toxin concentrations of either I nmol/L or 0.1 nmol/L. These 
kinetics indicate a first -order single-hit process. 
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Fig 5, For kinetic analysis, FOCP.1 cells were treated with DT^- 
mlt-3 as described in Fig 3, except that the designated toxin treat- 
mont intervals varied from 30 minutes to 8 hours. The effect of DTW 
mlL-3 on kinetics of proliferative inhibition to FDCP.1 cells was 
plotted as a percentage of the control level versus a function of time. 
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DT-wo-mIL-3 had no effect on cell lines that did not ex- 
press IL-3R. The FDC-P2.Id cell line, which was also de- 
rived from the FDC-P parental cell line, is murine granulo- 
cyte-macrophage colony-stimulating factor (mGM-CSF)~ 
dependent and mlL-3 nonresponsive. It was not inhibited 
by DT390' m 'L-3 (data not shown). Furthermore. DTW-mlL- 
3 showed a high IC50 of greater than 2 X I0~ 8 mol/L on the 
T-cell line EL4 and the myelomonocyttc leukemia cell line 
CI 498 (data not shown). Together, these reduced effects 
on IL-3 nonresponsive lines indicate that DT^-rnIL-3 was 
specifically cytotoxic to cells via the IL-3 ligand-receptor 
complex. 

The effect of DTwmJLS on hematopoietic progenitor 
celts, ft has been well documented that IL-3 plays a role 
in the development of multiple lineages in hematopoiesis. 1,2 
It is of interest to know at which stages of development 
hematopoieic progenitor cells express the high-affinity IL- 
3R. To determine the effect of on committed 

myeloid progenitor cells, we tested its ability to inhibit CFU- 
GM colonies. DTjgo-mfL-S inhibited colony formation 95% 
and 99<& at toxin concentrations of I nmol/L or 10 nmol/L, 
respectively (Fig 6A). In contrast, DT 3 <>o-bIL-2 T an irrelevant 
control fusion toxin, had little inhibitory effect. Native DT 
also had little effect. This is consistent with previous reports 
that mouse cells are more resistant to DT because they lack 
DT receptors/ 3-44 Kinetic studies (Fig 6B) showed a relation- 
ship between the increasing inhibition of CFU-GM and incu- 
bation time. Approximately 2 log inhibition was obtained 
after 8 hours. We chose this 8-hour incubation time for sub- 
sequent studies because untreated, cultured BM underwent 
a 40% reduction in CFU-GM colony number at longer incu- 
bation intervals. Under these culture conditions, 70% CFU- 
GM colonies were still preserved in untreated BM after 8 
hours of culture. Concentrations of fusion toxin greater than 
10 nmol/L resulted in nonspecific killing. 

To test the effect of DT 390 -niIL-3 on progenitor cells ear- 
lier than those giving rise to CFU-GM colonies, CFU-S 
assays were performed. CFU-S are heterogeneous with re- 
spect to their proliferative capacity, seH^renewai ability, and 
cell cycle status. 45 ^ 16 The progenitors that produce CFU-S 
colonies represent earlier committed progenitor cells, but 
not primitive progenitor cells. Day-8 CFU-S have little self- 
renewal potential and represent committed hematopoietic 
progenitors more closely related to erytftroid progenitors 
(bum-forming unit-erythroid [BFU-E]) or granulocyte-mac- 
rophage progenitors (CFU-GM). Day- 13 CFU-S contain 
cells with more than one lineage. 47 * 4 * However, recent evi- 
dence suggests that neither day- 8 CFU-S nor day- 13 CFU-S 
represent the pluripotent hematopoietic stem cells. 49 ' ^DT^o- 
mIL-3 was used at a dose of 10 nmol/L in an 8-hour preincu- 
bation because we knew that higher doses would result in 
nonspecific killing of CFU-S. At this dose, the OTt^o-mlL- 
3 inhibited day-8 CFU-S about 80% and day- 13 CFU-S 
about 50% (Fig 7). The inhibition of CFU-S colonies was 
specific and mediated by the DT portion of the molecule 
because the anti-DT sera was able to neutralize the CFU-S 
inhibition. 

Together, the combined CFU-GM and CFU-S studies in- 
dicate that the high -affinity IL-3 R, are expressed on commit- 



ted BM progenitor cells and that the progenitor cells of day- 
8 CFU-S are more sensitive to DT^~mlL-3 treatment than 
those of day- 13 CFU-S. 

The ability of DT^rmJL-3 -treated cells to rescue lethal ty 
irradiated mice after adoptive transfer. To determine the 
effect of DT 3 9o-nriIL-3 on the progenitor cells capable of 
providing radiation protection, adoptive transfer assays were 
performed. C57BL/6 Ly5.2 BM cells were treated with 10 
nmol/L DTwrmIL-3, After washing, I, 2, or 4 x I0 6 treated 
cells were injected into lethally irradiated (9.0Gy) C57BL7 
6 LyS.'l congenic recipients. The results showed that all of 
these recipients survived less than 19 days. When a higher 
dose (8 X 10 e ) of DTi^o-mIL-3 treated cells was injected, 
60% of the recipients survived more than 30 days, indicating 
that recipients could be rescued with high BM doses despite 



A Selectivity 



DT390-m!U-3 (1 nM) 
DT390-mlL«3 C10 nM) 

4 

Native DT (1 nM) 
NaHvo DT {10 nM) 
0T3&0-m!L~2 (1 nM) 
OT3ao*mIL-2{10nM) 
OONTHX 




0 10 20 30 40 SO 60 70 80 90 100 110 120 



B Kinetics 



1$ 

■^IHI^^Hb B DT390*mlL-3*tr»ato<S 

B Untreated 




Mean CFU-GM Co I on lea/50 ,000 Cells Plated 

Fig 6. (A) Effect of DT^-mlL-a on the colony formation of CFU- 
GM myeloid progenitor celts, Mouse BM cells were incubated with 
either 1 nmol/L or 10 nmol/L fusion toxin for 8 hours. Toxin was 
removed by washing BM cells 3 times. Colony number was deter- 
mined relative to 5 x 10* mononuclear BM cells plated on semisolid 
methylceiiulose media th an 1-mL culture volume. (B) Mouse BM cells 
were treated with 10 nmol/L DT^o-mlL-3 or media alone for 8, 12, or 
16 hours. After washing, the CFU-GM was assayed as in (A). 
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Fig 7. CFU-S activity on day 8 and day 13 of fusion toxin-treated BM cells. BM calls were Incubated with toxin for 8 hours. After washing, 
BM celts (1 x 10 s ) were Injected Into syngeneic Irradiated (7.5 Gy Cs) recipients (C57BL/6). Mice were killed either 8 or 13 days later. The 
spleens were removed and fixed In Boulns solution. Visible surface colonies were counted and scored (n =• 7 to 8 mice/group). 



treatment. Sixty percent of recipients survived when 1 x 10 6 
nontreated cells were administered, indicating that DT 390 - 
mIL-3 treatment removed about 87.5% of the progenitor 
cells capable of rescue. All recipients survived more than 
30 days when the administered cell doses of nontreated cells 
were greater than 2 X 10 6 . Earlier published studies showed 
that DT 39 o-mGM-CSF killed committed myeloid progeni- 
tors 33 and Fig 8 showed that 2 X 10 6 DT 390 -mGM-CSF- 
treated cells rescued 60% of the mice. A comparison of this 
curve to the curve in which mice received nontreated BM 
indicated that, with DT^-rnGM-CSF treatment, there was a 
removal of about 50% of the progenitor cells capable of 
rescue. AH the recipients that survived for the first 30 days 
survived until the termination of the experiment on day 110. 

On day 30, we typed donor peripheral blood leukocytes 
and confirmed that the survivors were indeed reconstituted 
with donor- type cells. The results given above suggested 
that DT 3 9o-mIL-3 kills more progenitor cells capable of BM 
rescue than does DT 390 -mGM-CSF. 



The ability of DT 3 <>o~mIL-3- treated cells to competitively 
repopulate irradiated mice in BM mixing experiments. To 
determine whether DT 390 -mIL-3 was acting on more primi- 
tive BM progenitor cells capable of long-term repopulation, 
competitive repopulation studies were performed. When dif- 
fering proportions (percentages) of C57BL/6 and congenic 
C57BL/6 Ly5.2 BM cells totalling 10 million were mixed 
(100/0, 83/17, 50/50,17/83, and 0/100) and transplanted into 
groups (n = 5/group) of irradiated syngeneic recipients, simi- 
lar proportions of reconstituting ceils were measured in the 
peripheral blood by flow cytometry several weeks later (100/ 
0, 84/16, 53/47, 13/87, and 6/94). This finding indicated that 
reconstituting cells correlated with the original proportion 
of BM progenitor cells and that a model was operational in 
which the effects of DT 39 o-mIL-3 could be determined. 

In separate experiments, C57BL/6 Ly5.2 BM cells were 
treated with DT 3w -mIL-3 and then mixed with an equal pro- 
portion of untreated C57BL/6 Ly5.1 BM cells. Mixed BM 
cells were injected into lethally irradiated (9.0 Gy) C57BLV 
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Fig 8. Adoptive transfer BM rescue experiments. C57BL/6 Ly6.2 con genie BM ceils were incubated with or without DTno-mlL-3 or D1W 
mGM-CSF for 8 hours. After washing, various doses of BM celts were Injected Into Irradiated (9 Qy) C57BI/6 Ly5.1 recipients. Recipient survival 
was monitored daily. 



6 LyS.l recipients. Peripheral blood cells of recipients were 
studied by flow cytometry for the presence of Ly5.1 and 
Ly5.2-expressing cells 28 to 31 days after transplantation. 
Table 2 shows that, in 2 experiments, the mice receiving the 
DT 39 o-mlL-3- treated Ly5.2 BM cells had less reconstitution 
of Ly5.2-expressing cells as compared with the mice receiv- 
ing nontreated Ly5.2 BM cells. Long-term reconstitution was 
also affected. On day 95 post-BM transplantation (BMT), 
various organs from animals from experiment 1 were typed. 
DT 390 -mIL-3 inhibited reconstitution of Ly5.2 cells in blood, 
spleen, and thymus (Table 3). Interestingly, the inhibition of 
Ly5.2 cells was not complete. A failure of the fusion toxin 
to inhibit Ly5.2 BM cells in the treated culture is not a 



Table 2. Competitive Repopulatlon of the Blood With DlWmlL-S- 
Treated Ly5.2- Expressing Cells on Days 28 Through 31 Post-BMT 







Experiment 1 




Experiment 2 






Ly5.1 




Lv5.2 




Lv5.1 


Ly5.2 


Untreated 


55 


± 5 


45 


± 5 


61 


± 8 


39 i 8 


DTwo-mlL-3 


62 


± 1* 


38 


± 1* 


B1 


± 5* 


19 ± 5» 



C57BU6 Ly5.2 BM cells were treated with 10~ 8 mol/L DT W0 -mIL-3 
for 8 hours. Treated cells were adjusted and mixed with C57BL/6 Ly5.1 
congenic BM cells so that equal concentrations (2.5 x 10* of Ly5.2 
and 2.5 x 10° of Ly5.1 BM cells) were administered to groups of 
lethafly irradiated C57BL/6 Ly5.1 recipients. To determine competitive 
re population, 4 to 8 recipients were studied by flow cytometry on 
days 28 through 31 post-BMT for the presence of Ly5.1- or Ly5.2- 
expressfng cells, as described. Data are expressed as a mean percent- 
age of positive cells ± 1 standard error of the mean. 

* P < .04 compared with untreated controls. 



likely explanation because CFU-GM measured in these same 
treated BM cells was inhibited 92% (data not shown). It is 
more likely that some primitive progenitors express enough 
high-affinity IL-3R to be intoxicated by DT 3g0 -mIL-3, 
whereas others do not, or that there might be a difference in 
receptor number. 

To prove that pluripotent hematopoietic stem cells were 
indeed present on day 95 post-BMT, BM cells from a group 
of these mice were adoptively transferred to irradiated recipi- 
ents (Table 4). Upon secondary transfer, these mice reconsti- 
tuted with both LyS.l and Ly5.2 BM cells. Levels of Ly5.2 
BM cells were still significantly lower than levels of LyS.l 
BM cells in the mice that received cells from animals that 
had originally received DT 390 -mIL-3 -treated BM cells. To- 
gether, these findings indicate that DT 390 -mIL-3 is reactive 
against some but not all of the primitive progenitor cells. 

DISCUSSION 

The unique contribution of this work is the construction 
and description of a fusion toxin, DT 39 o-niIL-3, by geneti- 
cally splicing the DNA segment encoding the ADP-ribosyl 
transferase enzymatic and hydrophobic translocation en- 
hancing region of DT, but not the native binding site, to the 
DNA segment encoding the amino acids of the mature mlL- 
3 molecule. The fusion toxin was potent and highly selective 
in its activity because we measured an IC50 (concentration 
inhibiting 50% activity) of about 0.025 nmol/L (or 1.5 ng/ 
mL) against the myelomonocytic cell line FDC-P1 . Although 
amply equipped to kill leukemia cells, DT 390 -mIL-3 might 
pose an equal threat to nonmalignant hematopoietic progeni- 
tor cells. The synthesis of the mouse reagent permitted the 
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Table 3. Long-Term Competitive depopulation of the Various Tissues With OTno-mlL-3 -Treated Ly5.2~Expressing Cells an Day 95 Post-BMT 







Blood 




BM 




Spleen 




Thymus 




Ly5.1 


Ly5.2 


Ly5.1 


Ly5.2 


Ly5.1 


Ly5.2 


Ly5.1 


Ly5.2 


Untreated 
DTMo-nnlL-3 


39 ± 3 
56 ± 5* 


61 ± 3 
44 £ 5* 


52 ± 5 
61 ± 6 


48 ± 5 
39 ± 6 


36 ± 3 
55 ± 5* 


64 ± 3 
45 ± 5* 


39 i 7 
62 £ 13* 


61 ± 1 
38 nz 13* 



C57BL/6 Ly5.2 BM cells were treated with 10" 8 mol/L DT^-mlL-S for 8 hours. Treated cells were adjusted and mixed with C57BL/6 Ly5.1 
congenic BM cells so that equal concentrations (2.5 x 10 8 of Ly5.2 and 2.5 x 10* of Ly5.1 BM cells) were administered to groups of lethally 
irradiated C57BL/6 Ly5.1 recipients. To determine competitive repopulation, 4 recipients were studied by flow cytometry on day 95 post-BMT 
for the presence of Ly5.1- or Ly5,2-expressing cells as described. Data are expressed as a mean percentage of positive cells ± 1 standard error 
of the mean. These same DTjso-m IL-3 -treated C57BL/6 Ly5.2 BM celts were plated in in vitro colony assays and were found to have a 90% 
reduction in CFU-GM. 

* P < .04 compared with untreated controls. 



evaluation of its reactivity against primitive progenitor cells 
using adoptive transfer experiments and competitive repopu- 
lation experiments not possible in humans. These data indi- 
cate that IL-3R may not be expressed uniformly on primitive 
BM progenitor cells. 

The expression of IL-3R on hematopoietic stem cells at 
early stages of development is still a highly controversial 
issue. 9 " 11 We approached this issue by testing the ability of 
a fusion toxin directed against the IL-3R to eliminate BM 
progenitor cells at various stages of cornmitment. The most 
committed progenitor cell that we evaluated was that which 
gave rise to CFU-GM colonies. First, a working treatment 
schedule was established based on thymidine incorporation 
and colony assays. DT 300 -mIL-3 reproducibly inhibited about 
99% CFU-GM colony growth, showing that IL-3R is ex- 
pressed on most myeloid-committed cells. These findings 
agree with previous reports. For example, Ogata et al'° and 
Sugiura et al 52 reported that the hematopoietic progenitors 
can be separated into two populations by MoAbs against IL- 
3R- associated antigen(s) (IL-3RAA). Early differentiating 
progenitors (day-8 CFU-S and CFU-GM) were enriched in 
the IL-3RAA + cell population, whereas more immature 
multipotential progenitors (day- 12 to -14 CFU-S and CFU- 
GEMM) were contained in the IL-3RAA" cell population. 
Therefore, IL-3RAA + cells are more committed than IL- 
3RAA" cells. 

CFU-S colonies are considered to be derived from more 
primitive progenitor cells than CFU-GM. Most day-8 CFU- 



Table 4. BM From Competitively Repopulated Mice Can Be 



Adoptively Transferred to Secondary Recipients 









Positive Cells 




Ly5.1 




Ly5.2 


Nontreated 


60 i 1.7 




40 i 1.7 


DT39o-mlL-3 


67 zt 4.9 




33 ± 4.9* 



BM cells (8 x 10°) from the DTaw-m IL-3 -treated mice in experiment 
1 were transplanted into C57BL/6 lethally irradiated (9.0 Gy) second- 
ary recipients (n = 10/group) on day 110 post-BMT. Recipients were 
studied by flow cytometry on day 21 post-BMT for the presence of 
Ly5.1- or Ly5.2-ex pressing cells in the blood as described. Data are 
expressed as a mean percentage of positive cells ± 1 standard error 
of the mean. 

• P < .001 compared with untreated controls. 



S colonies are thought to be committed to the erythroid 
lineage and sensitive to 5-fluorouracil (5-FU), whereas day- 
12 to -14 CFU-S are thought to be more uncommitted with 
multilineage potential and be resistant to 5-FU. 45,46 We found 
that the more cornrnitted day-8 CFU-S was more susceptible 
to the inhibitory effects of DT 390 -mIL-3 (80%) than day- 13 
CFU-S (50%). These findings (1) provide further evidence 
that IL-3R is expressed on committed hematopoietic progen- 
itor cells; (2) indicate that IL-3R is expressed on cells as 
primitive as day-12 to -14 CFU-S; and (3) suggest that more 
IL-3R are present on progenitor cells in the cycling phase 
than the Go phase. In other words, day-1 2 to -14 CFU-S are 
heterogeneous in their expression of IL-3R. 

It is noteworthy that only high-affinity IL-3R are internal- 
ized when bound to their ligands. Although, theoretically, 
one DT molecule into the cytoplasm of the cell is required 
to produce cell death, the process of internalization and trans- 
location into the cytoplasm is relatively inefficient, with only 
about 10% of the molecules that bind to the surface receptors 
entering the cytoplasm. 53,54 Thus, it is reasonable to infer 
that a critical number of growth factor-toxin molecules must 
be able to bind to cell surface receptors to cause subsequent 
internalization and cell death and that the cells expressing 
larger numbers of receptors have a higher chance of being 
intoxicated by specific growth factor-toxin molecules. Thus, 
differential sensitivity to DT 39 o-mIL-3 treatment between 
fractions of progenitor cells may be derived from (1) differ- 
ent affinities of IL-3R (high-affinity v low-affinity); (2) dif- 
ferent numbers of high-affinity IL-3R; and (3) heterogeneity 
in the expression of IL-3R (presence v absence of receptors 
on progenitors). In these studies, progenitor cell resistance 
to DT 3 9o-mlL-3 treatment could be explained by the absence 
of high- affinity IL-3R or only a small number of high-affinity 
IL-3R; 

The most primitive stem cells, termed pluripotent hemato- 
poietic stem cells (PHSC), are defined operationally by their 
(1) ability to rescue animals from lethal irradiation, (2) ca- 
pacity for self-renewal, and (3) potential to differentiate into 
all hematopoietic lineages. 55 In adoptive transfer BM rescue 
experiments designed to remove the more primitive BM pro- 
genitors, DT 3 9o-mIL-3 treatment inhibited the ability of BM 
to rescue lethally irradiated recipients that died within the 
first 2 to 3 weeks, but the effect could be overcome by 
increasing the dose of treated BM cells. Others believe that 
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early engraftment of donor cells that provide a radioprotec- 
tive ability is a function of primitive progenitor cells that 
are more differentiated than PHSC. Radioprotective cells 
were found in the same fraction as the CFU-S, suggesting 
that they could represent cells at comparable stages of devel- 
opment. 50 Ogata et al 10 reported that the radioprotective abil- 
ity of IL-3RAA" cells was significantly higher than that of 
the IL-3RAA* cell. Taken together with our results, these 
findings indicate that more primitive progenitor cells are 
heterogeneous in their expression of IL-3R numbers. 

To test the effect of DT 390 -mIL-3 on the PHSC, we further 
examined the long-term repopulating and self-renewal abili- 
ties of the treated BM cells using competitive repopulation 
assays. We used a 10 nmol/L DT 390 -niIL-3 treatment for 8 
hours because higher concentrations killed nonspecifically 
and longer incubations risked the survival of even nontreated 
cultured BM. Our competitive repopulation experiments 
showed that the percentage of long-term repopulating periph- 
eral blood cells are proportional to the ratio of mixed con- 
genic cells administered for BMT even though 10 million 
donor cells were injected. Even with the injection of such 
a high number of cells, the proportions of reconstituting 
progenitor cells correlated to the original proportion of donor 
BM cells, indicating that the relative effects of DT 390 -mIL- 
3 on stem cells could be determined. 

The studies in this report showed that congenic Ly5.2- 
marked stem cells were significantly inhibited, but not totally 
eliminated, by DT 3 go-mIL-3 treatment in either the primary 
recipients 95 days post-BMT or the secondary recipients 21 
days postsecondary transfer. It is possible that the failure to 
eliminate all treated stem cells and entirely prevent long- 
term alloengraftment of Ly5.2 cells could be related to a 
failure of DT 3 9o-mIL-3 to adequately kill these stem cells in 
the preincubation period. However, the treated Ly5.2 BM 
used in these experiments was simultaneously evaluated in 
colony assays and found to inhibited by 95% for CFU-GM, 
indicating that DT 3 9o-mIL-3 was indeed highly cytotoxic. A 
more likely explanation is that some but not all PHSC ex- 
press IL-3R, perhaps related to differences in expression 
relative to the stages of differentiation. Perhaps IL-3R is 
upregulated on more highly differentiated cells, as illustrated 
by our in vitro colony data. Once committed to myeloid 
lineages, the IL-3R may be continuously present on these 
progenitor cells until the end stages of differentiation. 

Will DT 390 -mIL-3 be useful for leukemia treatment? Mu- 
rine and human myeloid and lymphoid leukemic cells dis- 
play receptors for growth factors including EL-3, and many 
have been shown to be responsive to exogenous IL-3 in 
vitro. 3,4 The potency and specificity of DT 39 o-mIL-3 is high 
enough, with an IC50 of 0.025 nmol/L as compared with 
other fusion toxins 29 " 33 to render it an effective killing agent 
if it is not limited by its effects against progenitor cells. Our 
studies are encouraging in that, even when Ly5.2 stem cells 
were treated with DT 3TO -mIL-3, transplanted PHSC engrafted 
long-term and still had capacity for self-renewal when adop- 
tively transferred into secondary recipients. One interpreta- 
tion of these findings is that not all of the PHSC express IL- 
3R and that those that do not express the receptor escape 
killing. If this is the case, then DT 39 o-mIL-3 can be used for 



leukemia treatment or as an agent for purging leukemia cells 
before autologous BM transplant as long as sufficient quanti- 
ties of treated BM cells are administered for an effective 
BM rescue. 

In conclusion, the primary purpose of these studies was 
to determine the reactivity of a novel fusion protein, DT 390 - 
mIL-3, with BM progenitors. Our data show that the agent 
was more effective in killing committed BM progenitor cells 
than primitive progenitor cells, possibly related to higher 
levels of IL-3R expression on these cells. The fact that DT590- 
mIL-3 was highly toxic to leukemia cells indicates that it 
has potential for purging cancer cells from myeloid BM 
leukemia grafts or even for in vivo conditioning to reduce 
minimal residual disease. However, future experiments must 
determine the differential sensitivity of BM progenitors as 
compared with leukemia progenitors. Future studies are war- 
ranted because alternative therapies are needed for acute 
nonlymphocytic leukemia, which still presents a serious clin- 
ical problem. 
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Anti-Tac(Fv)-PE40 is a chimeric single chain im- 
munotoxin in which anti-Tac variable heavy and light 
chains held together by a peptide linker are attached 
to PE40, a truncated form of Pseudomonas exotoxin. 
This molecule was shown to be extremely cytotoxic for 
interleukin 2 (IL2) receptor bearing cells in tissue 
culture (Chaudhary, V. K., Queen, C, Junghans, R. P., 
Waldmann, T. A., FitzGerald, D. J., and Pastan, I. 
(1989) Nature 339, 394-397). Here we describe var- 
ious forms of anti-Tac(Fv)-PE40 protein in which the 
order of the variable domains of anti-Tac has been 
switched and also three different types of peptide link- 
ers have been used. All these proteins were purified to 
near homogeneity and were found to have similar cy- 
totoxic activities against various human cells express- 
ing the p55 subunit of the IL2 receptor. Anti-Tac(Fv)- 
PE40 was also found to have a very potent suppressive 
activity against phytohemagglutinin -activated human 
lymphoblasts and in a human mixed lymphocyte reac- 
tion. Anti-Tac(Fv)-PE40 appeared in the blood rapidly 
in mice after intraperitoneal administration and could 
be detected in the blood for up to 8 h. Anti-Tac(Fv)- 
PE40 warrants evaluation as an anti-tumor and im- 
munosuppressive agent in humans. 



Immunotoxins are emerging as potential chemotherapeutic 
agents for the treatment of cancer, acquired immune defi- 
ciency syndrome, and immunological disorders (1,2). Several 
different toxins have been employed to make immunotoxins. 
These include ricin, diphtheria toxin, Pseudomonas exotoxin, 
modecin, and saporin. We have been constructing immuno- 
toxins using Pseudomonas exotoxin (PE). 1 PE is composed of 
three major structural domains each with a different function. 
Domain I is responsible for cell recognition, domain II for 
translocation across the cell membrane, and domain III for 
the ADP-ribosylation activity of the toxin, although recently 
the last five amino acids of the carboxyl end of domain III 
have also been shown to have a role in translocation (3-5). 
Immunotoxins are conventionally made by coupling mono- 
clonal antibodies to toxins using chemical cross-linkers. Re- 
cently, it has been possible to produce immunotoxins in 
Escherichia coli by fusing DNA segments encoding the Fv 

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement** in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

1 The abbreviations used are: PE, Pseudomonas exotoxin; IL2, 
interleukin 2; anti-Tac, monoclonal antibody to p65 subunit of human 
IL2 receptor; V H , heavy chain variable region; Vl, light chain variable 
region; kb, kilobase(s); SDS, sodium dodecyl sulfate; PAGE, poly- 
acrylamide gel electrophoresis; PHA, phytohemagglutinin. 



regions of antibodies to a truncated form of the toxin, thereby 
producing single chain antibody toxin fusion proteins (€, 7). 
We initially produced a molecule termed anti-Tac(Fv)-PE40 
in which the variable region of the heavy chain of the anti- 
Tac antibody is attached through a peptide linker to the 
variable light chain which in turn is fused to PE40 (6). The 
latter is a truncated form of Pseudomonas exotoxin which 
lacks the binding domain of the toxin. Anti-Tac(Fv)-PE40 is 
cytotoxic to cells expressing the p55 subunit of the human 
IL2 receptor (6). 

The affinity of anti-Tac(Fv)-PE40 for the p55 subunit of 
the IL2 receptor was found to be very close to that of native 
anti-Tac (6). To study the structural requirements for binding 
and to explore the possibility of creating a more active mole- 
cule, we have made several different anti-Tac(Fv)-PE40 con- 
structions. In these, the order of the variable heavy and light 
chains has been switched and the role of the peptide linker 
joining the variable chains has been explored by using three 
different linkers. In addition, the activity of anti-Tac(Fv)- 
PE40 was assessed on various types of normal and malignant 
human T cells. The cytotoxicity was compared with that of 
two other chimeric toxins composed of IL2 linked to different 
mutant forms of PE. Anti-Tac(Fv)-PE40 was found to be 
more active than either IL2-PE40 or II^-PESe 40 * (8, 9), two 
other chimeric toxins directed at IL2 receptor-bearing cells. 

MATERIALS AND METHODS 

Construction of Plasm ids — Polymerase chain reaction -based meth- 
ods were used to amplify, create cloning sites, and assemble the 
plasm ids containing the variable domains of the light and the heavy 
chains of anti-Tac joined together by a peptide linker. These variable 
domains are fused to DNA sequences encoding PE40. These fusion 
genes are under the control of a T7 promoter and an appropriate 
ribosome binding site has been included. 

P 7018— Fig. 1 summarizes the cloning strategy employed for this 
construction. The starting template material was cDNA of the light 
and heavy chain of anti-Tac cloned as an EcoRl insert in pUCl8. 
Oligonucleotides VK73 and VK74 were used to amplify the variable 
domain of the heavy chain (V H ) using anti-Tac heavy chain cDNA as 
template. VK75 and VK76 were used to amplify the variable domain 
of the light chain (V L ) using the anti-Tac light chain cDNA b& 
template. The conditions of the polymerase chain reaction have been 
described previously (7). For VK73, 23 nucleotides at the 3 '-end were 
the same as the 5' -sequence of the cDNA encoding the mature heavy 
chain of anti -Tac. VK73 also introduced an Ndel site and an initiation 
methionine at the 5'-end. The 3'-end of the oligonucleotide, VK74, 
was complementary to the 3 '-end of the variable domain of the heavy 
chain. VK74 also encoded the first 8 anticodons of the peptide linker 
followed by a Kpnl site, and the nucleotides at its 5' -end were 
complementary to the sequences in the CHI domain. VK75 carried 
nucleotides for a Kpnl site and for the last 8 codons of a peptide 
linker. The last 23 nucleotides of VK75, at the 3' -end, were the same 
as that of the 5' -end of the mature light chain. The 3'-end of 
oligonucleotide VK76 contained 24 nucleotides which were comple- 
mentary to the 3' -end of the variable domain of the light chain, 
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of plasmid p70l8 encoding the anti- 
Tac(Fv)-PE40 fusion protein. 
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followed by nucleotides for a HindUl site. The 5 '-end of VK76 was 
complementary to the constant domain of the « light chain. 

The amplified DNA containing V H was digested with Ndel and 
Kpnl, while that containing V L was digested with Kpnl and /fmdlll. 
The digested fragments were purified on 1.8% low melting point 
agarose (Sea Plaque GTG agarose, FMC). Separately, plasmid pVC20 
was digested with Ndel and HmdlH and dephosphorylated. pVC20 
encodes a PE derivative of 43 kDa termed PE43 (10). A three fragment 
in-gel ligation was set up using two polymerase chain reaction- 
amplified, enzyme-digested fragments containing V H and V L with a 
3.75-kb fragment of pVC20 carrying PE43 and promoter sequences. 
Correct clones were identified by restriction enzyme analysis. One of 
the right clones, pVC701, was digested with Kpnl followed by T4 
DNA polymerase to remove the 4 -base overhang and ligated. The 
clones were screened for the loss of the Kpnl site. These clones 
(pVC701020) produced a protein of approximately 66 kDa reacting 
with antibodies to PE. pVC7010?0 was digeEted with HindlU and 



BomHI and dephosphorylated. Separately, pVC38H (7) was digested 
with HmdlH and BamHl to isolate an 0.8-kb fragment which was 
ligated with the Hindllh and BamH I -restricted 2.9-kb fragment of 
pVC701020. The resulting clones contained V H , linker LI, V L , and 
DNA sequences for PE40 under the control of a T7 promoter (Fig. 
2). The clones were checked by restriction enzyme digestions and, 
finally, by protein expression. One of the correct clones, p70l8, which 
expressed a 63 -kDa protein reactive with the antibodies to PE, was 
selected for large scale expression and purification of the protein. 

p70528— This plasmid was constructed using a similar strategy as 
used for p7018, except that the oligonucleotide primers were different. 
In this plasmid, V L is linked to the V H through a 15-amino acid 
peptide linker Ll, and V H is linked to PE40 (Fig. 2). Accordingly, 
oligonucleotides VK77 and VK78 were used to amplify V L . These 
oligonucleotides introduced an Ndel site, initiator methionine at the 
5'-end, the first 7 codons of the peptide linker, and a Kpnl site at 3'- 
end. VK79 and VK89 introduced a Kpnl site, the Inst 8 codons of the 
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peptide linker at the 5 '-end of V H , and a Hindlll site at the 3 '-end of 
V H . Other steps were the same as described above for the construction 
of p70!8. 

p70538~ This plasmid is similar to p70528 but contains a 16-amino 
acid peptide linker termed L2 which has a different amino add 
composition (Fig. 2). p70538 was derived from p70528 using two 
oligonucleotides, VK93 and VK89. The 5 '-end of the VK93 is the 
same as the J region of Vl in p70538 followed by codons for the new 
peptide linker, and the 3 '-end is the same as the 5 '-end of the V H . A 
polymerase chain reaction was set up with VK93 and VK89 using 
p70528 as template. The amplified product was digested with Sstl 
and Hindlll and ligated with a 3.95-kb fragment of SstUHsndlll' 
digested/dephosphorylated p70528. The correct clones were identified 
by restriction enzyme digestion followed by expression of protein in 
BL21 (XDE3), 

p?0$48— This was created using a strategy identical with that 
described for p70538 except using oligo VK94 and VK89, which 
introduced a 14-amino acid linker L3 (Pig. 2). 

The DNA sequences in the peptide linker region were confirmed 
by dideoxy sequencing. 

Expression and Purification of Proteins — To express and localize 
anti-Tac(Pv)-PE40 t B> colt BL21 (XDE3) cells were transformed with 
the appropriate plasmids and cultured at 37 *C in super broth supple- 
mented with axnpicillin (100 /ig/ml). At an ODeao of 0.8, isopropyl-1- 
thio-0-D-galactopyranoside was added to a final concentration of 1 
rnM, and the culture was further incubated for 90 min. Cells were 
harvested and protein was localized as described previously (11). The 
fusion proteins were mostly contained in the inclusion bodies so these 
were used as the source for further purification. Proteins were dena- 
tured in 7 M guanidine hydrochloride and renatured by rapid dilution 
in phosphate -buffered saline (12). The renatured protein was applied 
onto a fast protein liquid chromatography Mono Q 10/10 column in 
0.02 M Tris-HCl, pH 7.4, and eluted by a linear gradient of 0-0.5 M 
NaCI in the same buffer. Fractions containing the fusion protein were 
detected by SDS/PAGE and cytotoxic activity on HUT102 cells, 
pooled, and concentrated. For further purification, chimeric protein 
was applied to a TSK 250 gel filtration column and fractions corre- 
sponding to the monomeric form were pooled, quantitated, and used 
for further characterization. 

Protein Synthesis Inhibition Assay — Cytotoxic activity of the fu- 
sion protein was determined by assaying the inhibition of protein 
synthesis on HUT102, Crll.2, MT-1, ELT5, and EL4J3.4. Cells were 
washed twice with RPMI 1640, plated in 24 -well plates, and incubated 
with several dilutions of the toxin for 16-20 h at 37 *C. Protein 
synthesis was assayed by labeling the cells with [ 3 H]leucine for 90 
min and counting the trichloroacetic acid-precipitable protein as 
described (6). 

Determinations of Blood Level and Toxicity of Anti-Tac(Fv) PE40 
in Mice — Anti-TacfFv)-PE40 was injected intraperitoneally into five 
groups of female BALB/c mice in doses ranging from 5-100 #ig. 
Animals were observed for 72 h for signs of toxicity and death. LD&o 
is the dose of toxin able to kill 50% of the animals in a group in 48 
h. For blood level analysis, female BALB/c mice were injected intra - 
peritoneally with 10 /ig of the fusion protein 7018. Blood was drawn 
from the orbital vein at different times after injection, and the level 
of anti-Tac(Fv)-PE40 was assayed by incubating the serum with 
HUT102 cells and measuring inhibition of protein synthesis. A stand- 
ard curve made with pure anti-Tac(Fv)-PE40 on HUT102 cells was 
used to determine the concentration in the serum. 

Effect of Anti-Tac(Fv)'PE40 on Human Lymphocytes — Peripheral 
blood mononuclear cells were prepared from the blood of normal 
volunteer donors using the Ficoll and sucrose density gradient cen- 
trifugation. For PHA stimulation, peripheral blood mononuclear cells 
were cultured at a density of 5 X 10* cells/ml at 37 "C in 0.1% 
phytohemagglutinin-P (PHA-P) for 3 days. The culture was diluted 
1:1 with fresh medium, and human rIL2 was added to a concentration 
of 50 units/ml. The culture was further incubated for 1-2 days, cells 
were then harvested, washed, and resuspended at 8 x 10* cells/ml in 
assay medium consisting of leucine-free Eagle's minimal essential 
medium with 5% fetal bovine serum, 1 mM sodium pyruvate, 0.1 raM 
nonessential amino acids, 2 mM L-glutamine, 100 units/ml penicillin, 
100 Mg/ml streptomycin, and 50 pg/tnl gentamycin. For two-way 
mixed lymphocyte reaction, 60 ml of heparin ized blood was collected 
from two individuals and peripheral blood mononuclear cells were 
isolated. 5 x 10 s cells from each individual were mixed in 10 ml of 
medium and incubated at 37 "C, rlL2 (50 units/ml) was added on day 
3, and the culture was further incubated for 3 days. Cells were 
harvested and resuspended in the assay medium as described above. 



To determine the effect of anti-Tac(Fv)-PE40 ) lyrophoblasts were 
altquoted into 96-well plates, and Be rial dilutions of the toxin were 
added along with rIL2 (10 units/ml). The culture was incubated for 
2 days at 37 *C, pulsed for 6 h with ( 3 H] leucine. Cells were harvested 
using a microplate harvester on glass fiber filters and counted. 

Other Methods — Protein was measured by the method of Bradford 
using the Bio-Rad protein assay reagent. SDS/PAGE was done by 
using the method of Laemmli (13). 

RESULTS 

We have previously shown that a single chain anti-Tac(Fv)- 
PE40 molecule composed of the heavy and light chain variable 
regions of anti-Tac connected to PE40 makes a very active 
immunotoxin that inhibits protein synthesis in HUT102 cells 
with an ID» of —0.15 ng/ml (6). To determine if the structure 
of the recombinant immunotoxin could be altered and its 
activity retained or improved, we made several new construc- 
tions in which the order of the V L and V H chains was reversed, 
or in which the amino acid sequence of the linking peptide 
was altered. The structures of these new constructions are 
illustrated in Fig. 2 and described under "Materials and Meth- 
ods.'* All the chimeric proteins were expressed in E. coli using 
the T7 expression system, extracted from inclusion bodies by 
guanidine hydrochloride, and, after renaturation, purified to 
near homogeneity by successive ion exchange and size exclu- 
sion chromotography. In all cases, a highly purified chimeric 
toxin was obtained (Fig. 3), and the yields of toxin were 
approximately equal. 

The purified toxins were tested on several different cell 
lines. These included HUT102 and CrIL2 which contain both 
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Fig. 2. Expression vector for various anti-Tac(Fv)-PE40 
proteins. A, p70l8 showing the basic plasmid used for expression of 
the chimeric proteins. B, order of variable domains in various con- 
structions and linkers. Vh* variable heavy; Vu variable light; L, linker; 
B, BamUl; A, Avail- Amp, 0- lactamase gene. 
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FiC. 3. SDS-PAGEof purified anti-Tac(Fv)-PE40 proteins. 
10% SDS-polyacrylamide gels were run and stained with Coomassie 
Blue. Lane 1, 7018; lane 2, 70528; lane 3, 70538; lane 4, 70548. 
Molecular weight markers are shown X 10" 3 . 
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subunits of the human 1L-2 receptor (p55 and p75), MT-1 
which contains only human p55, ELT5 which has human p55 
and mouse p75, and EL4J3.4 which has mouse p55 and p75. 
As shown in Fig. 4 and Table I, all four chimeric toxins were 
very active in inhibiting protein synthesis in HUT102 cells 
with IDeo values ranging from 0.10 to 0.15 ng/ml. The agents 
also had similar action against the other cell lines which 
contained the human p55 subunit (CrII.2 f MT-1, and ELT5) 
but not on cells containing the mouse p55 subunit reflecting 
the species specificity of the anti-Tac antibody. 

Effect of Anti-Tac(Fv)-PE40 on Human T Lymphoblast 
Proliferation— One possible use of anti-Tac (Fv)-PE40 is in 
the treatment of autoimmune diseases or allograft rejection. 
Therefore, we tested the activity of one of the recombinant 
immunotoxins on human lymphoblasts which were activated 
either by the mitogen, PHA, or in a mixed lymphocyte reac- 
tion. The stimulated lymphoblasts express functional IL2 
receptor on their surface. For this purpose, we used the protein 
encoded by plasmidp7018 (Fig. 2). As shown in Table II, anti- 
Tac(Fv)-PE40 inhibited the protein synthesis of both PHA 
and mixed lymphocyte reaction-stimulated human lympho- 
blasts with IDm values of 0.13 ng/ml and 0.05 ng/ml, respec- 
tively. As a control, we tested the toxin on K562 cells which 
do not express the IL2 receptors and found that high levels 
of the toxin were required to intoxicate these cells. The 
activity of anti-Tac(Fv)-PE40 on activated T lymphoblasts 
was compared with IL2-PE40 and IL2-PE66 4010 , chimeric 
toxins that also bind to the IL2 receptor. IL2-PE40, although 
previously shown to be very active against mouse splenocytes 
(14), had very little activity toward the human cellB (Table 
II). IL2-PE66 4Gh \ a chimeric toxin in which the ability of 
domain I to bind to the Pseudomonas exotoxin receptor has 
been inactivated by mutations at positions 57, 246, 247, and 
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Fig. 4. Cytotoxicity of various fusion proteins on HUT102 
cells. Cells were incubated with the respective toxin for 16-20 h and 
pulsed with [ 3 H] leucine and protein synthesis is shown as percent of 
control where no toxin was added. 7018; ■, 70528; O, 70538; and 

70548. 

Table I 

Cytotoxicity of anti-Tac(Fv)-PE40 proteins on various 
IL2- receptor-bearing cells 

ID» is the protein concentration required to inhibit protein syn- 
thesis by 50%. H, human; M, mouse. Other details are given under 
"Materials and Methods.** 



Cell line 



Subunit 
present 



ID, 



50 





p55 


p75 


7018 


70528 70538 


70548 










ng/ml 




HUT102 


H 


H 


0.15 


0.11 0.13 


0.10 


Crll.2 


H 


H 


1.7 


1.1 1.8 


1.6 


MT-1 


H 


None 


0.37 


0.15 0.25 


0.25 


ELT5 


H 


M 


0.56 


0.32 0.54 


0.45 


EL4J3.4 


M 


M 


>1.000 


>1,000 >I,000 


>1,000 



Table II 

Comparison of anti-Tac(Fv)-PE40, IL2-PE40, and IL2-PE66* ntu for 
inhibition of human lymphoblast protein synthesis 
IDw is the concentration of protein required to inhibit protein 





1D„ 

Activated T 
lymphoblasts 


K562 




ng/ml 




Experiment 1, PHA lymphoblasts 


<0.16 


93 


Anti-Tac(Pv)-PE40 


IL2-PE40 


380 


345 


IL2-PE66 4G,U 


15 


910 


Experiment 2, PHA lymphoblasts 


0.13 


91 


Anti-Tac(Fv)-PE40 


IL2-PE40 


>500 


180 


IL2-PE66 4C,U 


72 


1145 


Experiment 3, MLR lymphoblasts 


0.05 




Anti-Tac(Fv)-PE40 




IL2-PE40 


83 




IL2-PE66 4Glu 


12 





Table III 
Toxicity of anti-Tac(Fv)-PE4Q in mice 
Female BALB/c mice were injected with a single indicated dose of 
the fusion protein. Number of deaths were recorded after 48 h of the 
toxin administration. 



Amount injected 



Number of deaths 



5 
10 
25 
50 
100 



0/3 
0/3 
2/3 
3/3 
3/3 




6 e 
Time(hr) 



14 



Fig. 5. Blood level of anti-Tac(Fv)-PE40. The experiment 
was performed as described under "Materials and Methods." Results 
are average of two experiments. 

249, had more activity than IL2-PE40 against the activated 
human cells, but was nevertheless much less potent than anti- 
Tac(Fv)-PE40 (Table II). Clearly, anti-Tac(Fv)-PE40 was the 
most cytotoxic of the three molecules tested. 

Blood Level and Toxicity of Anti-Tac(Fv)-PE40 in Mice— 
The extremely potent in vitro cytotoxicity of anti-Tac(Fv)- 
PE40 on IL2 receptor-bearing cells makes it a promising 
molecule for testing in vivo against IL2 receptor-bearing tu- 
mors or for immunosuppression. Accordingly, various 
amounts of anti-Tac (Fv)-PE40 were given intraperitoneally 
to mice to assess its toxicity. The LD50 of a single dose was 
found to be between 10 and 25 Mg (Table III). To determine 
the blood level of anti-Tac(Fv)-PE40, BALB/c female mice 
were injected intraperitoneally with 10 ug of protein. Blood 
was drawn at various times after the injection and assayed on 
HUT102 cells for immunotoxin activity. A peak blood level 
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of 1.9 Mg/™1 was obtained 2 h after the injections (Fig. 5). 
Detectable levels of toxin were present for up to 8 h, but by 
12 h, toxin could no longer be found in the blood (Fig. 6). 

DISCUSSION 

We have shown that anti-Tac(Fv)-PE40, a single chain 
imrminotoxin, is very active in killing cells bearing the human 
p55 subunit of the IL2 receptor. In this type of chimeric toxin, 
the variable regions of the heavy and light chain are held 
together by a linking peptide. We have utilized several differ- 
ent peptide linkers containing 14, 15, or 16 amino acids and 
found all of tnem to produce active immunotoxins with about 
the same activity. Furthermore, we have changed the order of 
the variable regions without affecting activity (Table I). Stim- 
ulated by the finding of Ward et al. (15) that a single variable 
region can bind antigen, we made a chimeric toxin composed 
of the V H of anti-Tac fused to PE40, but found it to be 
inactive (data not shown). Apparently, V H by itself does not 
have a high affinity for the p55 subunit. However, it may be 
possible to make active immunotoxins with single variable 
regions with selected antibodies. 

Anti-Tac (Fv)-PE40 has much greater activity on human 
cells than 1L2-PE40, a molecule which also binds to the IL2 
receptor (Table II). There are several reasons that may ac- 
count for this difference which are related to the number of 
p55 subunits on the target cells and the relative affinities of 
the two ligands for p55. Anti-Tac binds to p55 with aft" 
10~* M, whereas the affinity of IL2 for p55 is - 10 -8 M (16). 
Only when p55 is associated with p75 is the affinity increased 
to ~10 -11 M. In MT-1 cells where there are 100,000 p55 
subunits and no p75 subunits, the ID*) of anti-Tac(Fv)-PE40 
is <1 ng/ml and the IDbo of IL2-PE40 is >100 ng/ml. This 
probably reflects the affinities of the two ligands. On HUT102 
cells, where there are many p55 subunits and a moderate 
number of p75 subunits, IL2-PE40 and anti-Tac(Fv)-PE40 
are about equally active. It has been shown previously that 
the high affinity IL2 receptor composed of p55 and p75 is 
rapidly internalized when occupied by IL2 (or anti-Tac), 
whereas the low affinity p55 receptor is internalized much 
more slowly (17). Nevertheless, it appears that this slow entry 
route is compensated for by the fact that there are many more 
p55 molecules than high affinity receptors on the surface of 
target cells and also because the binding of anti-Tac to these 
molecules is much stronger than the binding of IL2 to p55. 

Anti-Tac(Fv)-PE40 is very active on HUT102 cells that 
express both the low and high affinity human IL2 receptor. 
Moreover, the fusion protein is also highly active on cells with 
moderate or low numbers of receptors (Table I). In a mixed 
lymphocyte (leukocyte) reaction, which is an in vitro model 
system for alloreactive responses, anti-Tac (Fv)-PE40 inhib- 
ited the protein synthesis of T-lymphoblasts very efficiently. 
It has been shown that IL2 receptor-bearing cells play a very 
crucial role in graft rejection and the administration of anti- 
IL2 receptor antibody prolongs allograft survival (18-20). We 
have earlier made a chimeric toxin containing IL2 and PE40, 
which is active on mouse IL2 receptor-bearing cells (8, 14) 
and has been shown to significantly prolong the survival of 
vascularized heart allografts in mice (21). However, IL2-PE40 
has low activity on human activated T cells. Anti-Tac (Fv)- 
PE40, being enormously more active, might prove to be a 
potent immunosuppressive agent in humans. 

Another objective of creating chimeric toxins is their poten- 
tial use as anti-tumor agents. Since anti-Tac(Fv)-PE40 ap- 



pears to be a very active protein in vitro, we performed several 
experiments to investigate its activity in vivo. The LD W of 
anti-Tac(Fv)-PE40 in mice was determined to be between 10 
and 25 u%. The protein appears to be slightly more toxic than 
some other chimeric toxins produced in our laboratory (LDso 
~ 20-50 >*g). However, because of the extremely high activity 
of anti-Tac (Fv)-PE40, it may not be required to use very high 
doses in vivo. Anti-Tac(Fv)-PE40 when injected intraperito- 
neal^ in mice shows a peak of activity in the blood after 2 h 
and detectable levels are present up to 8 h. 

In summary, anti-Tac(Fv)-PE40 is a chimeric toxin which 
has been shown to be extremely cytotoxic to IL2 receptor 
expressing cells in tissue culture and in mixed lymphocyte 
reaction. The agent warrants evaluation as an anti-tumor and 
immunosuppressive agent in humans. 
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